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ABSTRACT 
Over the last 18 years, different sludge pre-treatment processes have been used to   
improve the performance of sewage sludge anaerobic digestion efficiency. Some of these pre-
treatment technologies, notably the Thermal Hydrolysis Process (THP), has significantly 
increased the sludge throughput and allowed more efficient utilisation of treatment assets 
without adversely impacting the biology of the anaerobic digestion process. However, the 
expected increase in Volatile Solid reduction (VSr) and the consequent increase of biogas 
production have not been fully realised. Specifically, to address this poor performance when 
the THP process is used and to overcome its limitations, its application as an Intermediate 
Thermal Hydrolysis Process (ITHP) was studied. The ITHP process configuration consists of 
a first stage conventional Mesophilic Anaerobic Digestion (MAD) followed by THP and then 
a second stage MAD (i.e. MAD+THP+MAD). The main aims of this research were therefore 
to evaluate the impact of the ITHP configuration on an already digested sludge constituents, 
namely, carbohydrates, proteins and lipids degradation and the extent of their conversion to 
biogas.  
The sludge constituents’ degradation as a result of thermal hydrolysis and Anaerobic 
Digestion (AD) followed a stepwise process where the initial faster degradation was followed 
by a second stage slower degradation process. The sludge constituents’ degradation kinetic 
rate constants showed that the use of ITHP can further enhance the already digested sludge 
degradation reducing the sludge mass and increasing its conversion to biogas. Furthermore, 
the ITHP configuration showed a significant impact on sludge Extracellular Polymeric 
Substance (EPS) content. 
The results obtained from laboratory scale experiments showed that the ITHP process 
configuration resulted in an overall average VSr of 62% in comparison with the THP 
configuration which provided a VSr of 47%. As a result, the overall biogas production from 
the ITHP process was found to be in excess of 478 m
3
/tonne dry solids (TDS) fed, compared 
with 345 m
3
/tds feed from the THP digestion configuration.  
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CHAPTER 1 
 INTRODUCTION 1.
  
 2  
 
 Background 1.1
This chapter gives an overview of the research topic that consists of brief background on 
the study area, definition of the problem, research aims and objectives and the overall thesis 
structure. These are briefly discussed in the following subsections. 
In the modern sense, anaerobic digestion “started” when Alessandro Volta confirmed 
“flammable air” in 1776 and showed the direct relationship between the amount of 
organic matter and the volume of gas it produced, however the connection with microbial 
activity was not linked until a century later (Barber et al., 2010), even though, in 1837 
Theodor Schwann first demonstrated the existence of anaerobic bacteria that fermented 
sugar solution and converted into ethanol (Weismann et al., 2007).   
The use of anaerobic digestion (AD) plant to stabilize organic waste is an old and well 
established technology (Gonzalez, 2006). Particularly in this 21
st
 century, anaerobic digestion 
has become increasingly popular due to its organic waste stabilisation process capabilities and 
significance in producing biogas for on-site energy production and utilisation (Gerardi, 2003). 
The first recorded use of an engineered AD process dated back 1859 (Lusk, 1998); initially, 
AD was used to reduce odour and the mass of sludge to be disposed of.  
During first decades of last century i.e. in 1907, Imhoff in Germany invented a two stage 
tank consisting of separated solids settlement and digestion chambers with a supernatant 
discharge port (Gonzalez, 2006). Since then, the world-wide use of anaerobic digestion 
process to treat the ever increasing amount of organic waste from sewage treatment works, 
municipal waste, and Farm waste has been growing exponentially.  In particular, during the 
20
th
 century, anaerobic digestion was embraced by the water Utilities for the treatment of 
sewage sludge produced from wastewater treatment plants (Barber, 2003).  
In September 2011, the UK had a total of 214 AD plants, including 146 sewage treatment 
AD plants (WRAP, 2011) with an overall capacity to process more than 5 million dry tonnes 
of organic waste per annum, and a total installed generating capacity of over 170 MW of 
electricity. During the same period, 1.5 million tonnes of dry solid were produced as sewage 
sludge (Sindall, 2014). 
This increased use of anaerobic digestion technology in turn was driven by various trans-
national and national sludge disposal modes of regulations on the basis of environmental 
concerns, limited land availability for disposal in and around big urban centres (Fountain, 
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2009). During this period, the biogas produced from anaerobic digestion process was of 
secondary importance and the plants were not designed to enhance its production. The drivers 
for increased use of anaerobic digestion technology were focussed mainly around the use of 
anaerobic digesters to stabilise organic waste or sewage sludge: reducing the levels of 
pathogens, odour and the sludge quantity (Barber, 2003).  
Recently though, the attitude of water utilities, regulatory bodies and government 
department are all encouraging strategies and policies that favour the use of anaerobic 
digestion technology as a source of renewable energy generation (Mills, 2011). Therefore, 
there is a wider recognition that anaerobic digestion is one of the well-established 
technologies for stabilizing sewage sludge and it is an appropriate technology because of its 
relatively limited environmental impacts and potential for energy recovery. These positive 
aspects were coupled with the decades of continued concern about rapid population growth, 
increasing energy demand, and global warming concerns that stimulated further research on 
improving the performance anaerobic sewage sludge digestion process. Research in anaerobic 
digestion of sludge are conducted with the view to enhance the overall biogas production by 
achieving faster sludge organic matter degradation and reducing the final sewage sludge 
product volume to be disposed of. 
It is well-known that anaerobic digestion is referred to as the decomposition of organic 
waste caused by anaerobic bacteria, heat and time in the absence of free oxygen. It is also 
well-known that anaerobic digestion takes place in nature: in a rice paddy fields, swamps or 
marshes and in engineered anaerobic digesters, where anaerobic condition exist.  
In biochemical terms, anaerobic digestion of sewage sludge or organic waste is generally 
considered as a four stage biological process: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis (Vavilin et al., 1996; Gonzalez, 2006; Gerardi, 2003), although some still 
consider anaerobic digestion as a three stage biological process (Panter, 2008): hydrolysis, 
acidogenesis and methanogenesis; others consider anaerobic digestion as a two stage 
biological process (Taricska et al., 2009; Babbitt and Baumann, 1958). These are waste 
conversion (mineralisation) and waste stabilisation (biogas generation) stages.  
One of the main known rate limiting factor during anaerobic digestion process is the sludge 
organic matter hydrolysis process, although methanogenesis is also known to be another rate 
limiting process (Asaadi, 2008), particular in situations, where substrate to biomass ratio is 
high. 
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Due to difficulties experienced in sludge handling and the inherent nature of human waste 
involved, historically sewage sludge was considered as a waste generated from the treatment 
of wastewater that must be discarded without recovering the value inherent in the substrate. 
For example according to Defra (2007), sewage sludge is an unpreventable by-product and as 
such it is considered as waste than resource (Fountain, 2009).  
Furthermore, the treatment and disposal of sludge is a problem of growing importance for 
past and present generations, representing up to 50% of the current operating cost of a 
wastewater treatment plant (Winkler, 1993 in Gonzalez, 2006; Apples et al., 2008; Spinosa et 
al., 2011). Today, however, it is possible, that this cost could be easily offset; savings could 
be made by the implementation of one or a combination of several measures that create a 
controlled environment by: 
 Optimising the sludge treatment processes 
 Investing into novel treatment technologies  
 Changing existing process configurations  
These steps should lead to more sustainable overall sewage sludge treatment process 
(Shana et al., 2011).  These measures could potentially unlock the value inherent in organic 
waste in general, and in sewage sludge in particular.  
The Water industries in the UK make use of mesophilic anaerobic sludge digestion assets 
in most of their sludge treatment centres (STC); most of which were built during the 1940s 
through to 1990s (Noone, 2006). Since then, the quantity of sludge produced has increased 
due to population growth and improved treatment standards due to tightening of wastewater 
treatment consents as a result of increasing legislation (EU Urban wastewater directive 
(91/271/EEC) introduced in 1998, and sludge standard Directive 86/278/EEC). Particularly, 
the EU directive on the protection of the environment (Watercourses and soil), when sewage 
sludge is used in agriculture, the Directive 86/278/EEC stipulates that sludge must have 
“undergone chemical, biological, thermal treatment and any other appropriate treatments to 
significantly reduce its putresciblility and health hazards resulting from sewage sludge use” 
before its application to land (Sindall, 2014). 
The challenge to the UK Water Industry is the capacity to treat this ever increasing volume 
of sewage sludge and achieving the sludge standards and to produce a sustainable amount of 
energy output while overcoming some of the operational difficulties at the same time. 
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Therefore, to deal with this ever increasing amount of sewage sludge produced from 
wastewater treatment works and for more effective use of existing assets, a more controlled, 
effective and innovative way of sludge treatment is required. 
Over the last three decades, the treatment of sewage sludge to stringent microbiological 
standards known as Treated final product status, and enhanced treated final product status has 
become a requirement (EU sludge regulation 1986; Safe sludge matrix) and will remain a 
future requirement if unrestricted sludge recycling to agricultural land is to stay as a preferred 
option (ADAS, 2001). Currently the Water industry meet these required microbiological 
standards by the use of: thermal pre-treatment processes such as thermal hydrolysis and 
pasteurisation, coupled with mesophilic anaerobic digestion, and stand-alone chemical 
treatment process before sewage sludge was recycled to land.  
Particularly throughout the 1970s and 1980s, numerous studies were conducted to 
determine the effect of thermal treatment on the sludge digestion process as a way of 
enhancing the anaerobic digestion process efficiency. However, during this period, reducing 
sludge retention time (HRT) and at the same time improving the dewaterability of sludge had 
become the drivers for the improvement in the sludge treatment which later resulted in the 
development of processes such as the thermal hydrolysis process (Asaadi, 2005; Riches, 
2010; Panter, 2008).  
Furthermore, during the last 15 years, a number of sludge pre-treatment processes have 
been retrofitted to existing plants in order to improve pathogen kill, and secure the continued 
use of land for sustainable sludge recycling. Quite recently, the additional driver for the use of 
sludge pre-treatment technologies includes an increased biogas production for renewable 
energy generation. 
According to Gonzalez (2006), since 1990s, the increasing cost and tight restriction on 
land fill disposal route and incineration practices along with high public sensitivity have 
brought about significant changes to how sewage sludge was treatment and utilised. One of 
such sludge treatment change is the increased inclusion of energy and capital intensive 
process such as Thermal Hydrolysis Plant (THP) as sludge pre-treatment and digestion 
process configuration. Panter (2008) described the chronological development of sludge 
thermal pre-treatment technologies such as Porteus, Zimpro (thermal processes used for 
sludge pasteurisation and dewaterability), Synox, Protox (physicochemical processes used for 
sludge digestibility), CAMBI, Biothelys (Thermal hydrolysis processes used for sludge 
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dewaterability and digestibility). Among these technologies, currently thermal hydrolysis is 
the only proven technology that has achieved world-wide recognition and use. 
Thermal hydrolysis in scientific terms means the splitting (lysis) of cells and long chain 
molecules by the application of heat (thermal) and in the presence of water (hydro) (CAMBI 
AS www.cambi.com). In engineering terms it means heating biosolids in a pressure vessel, 
splitting the tough cell membranes of the microorganisms present, releasing and breaking 
down the long chain molecules, and making them readily digestible (CAMBI AS 
www.cambi.com). Therefore, the THP is a sludge pre-treatment process configuration, which 
was designed to treat harder or difficult to digest sludges (Shana et al., 2011).  
The THP requires external energy sources such as biogas and additional fuel to meet its 
specific heat demand; although, the THP configuration treats substantial amount of waste and 
correspondingly produces significant amount of energy compared to conventional MAD 
configuration. Under optimum condition, THP can increase biogas yield, but this increase 
does not necessarily result in an overall net increase in energy per tonne dry solid fed (Mills et 
al., 2014). The overall performance of THP configuration is also limited under low digester 
HRT and high organic loading condition, where %VSr and biogas yield (m
3
/TDS fed) were 
below expected and there is a need for further research for its optimisation or 
improvement(Shana et al., 2011). Therefore, there is significant problem needing solution. 
 
 Definition of the Problem 1.2
Anaerobic digestion is a biological process (Ariunbaatar et al., 2014) that converts 
complex substrates into biogas, biomass and stable digestate. It was reported that during 
anaerobic digestion process the primary rate limiting process is the initial substrate hydrolysis 
stage (Shana et al., 2003; Gonzalez, 2006; Panter, 2008) and this is one of the reasons for low 
anaerobic digestion process efficiency, particularly when the biological sludge proportion of 
digester feed was high. 
One of the good indicators of anaerobic digestion process efficiency is digesting sludge 
volatile solid content and the extent of its reduction. It is globally held view that the 
conventional mesophilic anaerobic sludge digestion process often achieves a percentage 
volatile solid reduction range of 35% to 45% as calculated from its initial feed organic matter 
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content and final digested sludge volatile solid content (Hobson, 1999 cited in Shana et al., 
2012).  
 A few years later, Gonzalez (2006), stated that during MAD configuration only 50% of 
the organic matter is destroyed, which lives 50% unchanged organic matter. Similarly, Shana 
et al. (2012) also reported, that even with more advanced anaerobic digestion technologies, 
such as the thermal hydrolysis Process (THP), around 50% of the initial organic matter is 
recycled to land due to shorter hydraulic retention time (HRT) and high volatile solid loading 
used.  
However, the advantage of THP configuration is prevalent as it helps the ability of MAD 
process to tolerate very high sludge organic matter load rate and it helped the doubling of the 
use of existing digestion asset capacity.  
This current research project proposed to optimise and improve the performance of THP 
(THP +MAD) configuration or that of conventional mesophilic anaerobic sludge digestion 
process efficiency by the use of THP configuration as an intermediate thermal hydrolysis 
process (ITHP) configuration. The ITHP configuration consists of a MAD followed by THP 
and that followed by further final second stage of MAD i.e. ITHP (MAD+THP+MAD). 
Hence, the lack of existing efficient sludge digestion process configuration warrants this 
present study. The use or development of ITHP configuration aims at investigating the ITHP 
concept in comparison with existing conventional MAD (CMAD), conventional THP and 
double MAD (MAD+MAD) configurations. Double MAD (fed with diluted digested sludge 
cake, without thermal hydrolysis process involved) was used as a proper control to the ITHP 
configuration. 
The first stage MAD in the ITHP configuration was expected to utilise natural biological 
processes and convert the easily biodegradable proportion of sewage sludge feed in to biogas, 
digestate and biomass. It was equally expected that the organic bond in the digestate product 
obtained from this first stage MAD to be slackened or loosened up, but not completely broken 
down under the influence of hydrolytic microbial activity. Hence, during further treatment 
process, the slackened organic bond within digested sludge constituents (carbohydrates, 
proteins and lipids) are expected to be amenable to thermal hydrolysis process and be easily 
hydrolysed. This hydrolysed product was also expected to be easily exposed to further 
biochemical conversion (fermentation) and stabilisation (biogas production) by the anaerobic 
bacteria during the second stage of MAD process in the ITHP configuration. The second stage 
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MAD was expected to generate an additional biogas and produce well stabilised final product 
for land disposal.  
Moreover, it was expected, that the biomass generated during the first stage of anaerobic 
digestion process could also be subjected to thermal hydrolysis process and could be 
augmented in conjunction with part of sludge organic matter that remained unchanged in the 
digested sludge. Therefore, due to the availability of biomass and unchanged substrate related 
organic matter contents in the first stage MAD digested sludge (digestate), the overall sewage 
sludge treatment efficiency of the ITHP configuration was expected to be higher than that of 
conventional MAD and THP configurations.  
It was generally held, that during anaerobic digestion process, the digested sewage sludge 
also known as biosolids is “fully stabilised” (i.e. nearly all putrescible or biodegradable 
organic matters are completely degraded and depleted) and there is no benefit from its further 
pre-treatment and digestion, but in reality this was not a case – evidence suggested that the 
digested sludge product is often partially digested and contains significant amount of energy. 
Therefore, there is a significant benefit to be had if this energy rich partially digested product 
was to be further subjected to an additional stage of thermal pre-treatment and anaerobic 
digestion process to attain a truly stabilised digested sludge status.  
  Aims and Objectives 1.3
The aim of this research programme is to investigate the potential of the ITHP 
configuration concept, to improve the overall sludge digestion process efficiency. Therefore 
the main objectives are to:  
 Conduct a comprehensive literature review of sewage sludge pre-treatment processes 
in use or under-development for enhancing anaerobic digestion of sewage sludge 
 Evaluate the performance of the ITHP configuration in comparison to established pre-
treatment processes 
 Investigate the fate of Extracellular Polymeric Substances (EPS) and Soluble 
Microbial Products (SMP) during anaerobic biodegradation in the ITHP and THP 
treatment configurations using semi-continuous anaerobic digestion study  
 Conduct a comprehensive study into biodegradation kinetics of sludge constituents 
during ITHP and THP treatment configurations using Batch digestion study 
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 Develop an understanding of how the ITHP configuration enhanced the overall 
anaerobic digestion process efficiency  
 Thesis Structure 1.4
This thesis consists of eight Chapters, References and Appendices. Each Chapter covers a 
particular stage of the research. 
In Chapter One, background information on the study area and information with references 
of previous research findings about the use of anaerobic digestion and its historical emergence 
as a waste treatment technology are presented. A description of general attitudes toward 
sewage sludge treatment, use and costs associated with sludge handling is also presented. This 
Chapter also defines the shortcomings of the current sludge treatment processes and 
highlights the aims and objectives of this research.    
Chapter Two provides background information on wastewater treatment and their 
associated sewage sludge treatment processes. An overview of the legislations and drivers 
governing the treatment of wastewater and sludge in the EU and UK is given, followed by a 
summary of the current wastewater and sewage sludge treatment processes and sludge 
disposal methods.   
In Chapter Three, a comprehensive literature review of anaerobic digestion processes is 
presented and historical development in sewage sludge treatment technologies leading to 
implementation of more advanced process are given. The importance of knowledge about 
microbiology and biochemistry and the kinetics of anaerobic digestion processes are 
discussed. 
In Chapter Four, the materials and methodologies used to conduct this research is 
presented along with details of the experimental methods, the laboratory scale digestion 
equipment, types of digestion processes and laboratory analytical methods employed. The 
final section of this Chapter describes the data handling and statistical analyses methods used. 
In Chapter Five, the results of the monitoring during semi-continuous anaerobic digestion 
process configurations investigated are presented. The operating and performance parameters 
evaluated including volatile solid reduction, biogas yield, pathogen kill, sludge dewaterability 
are compared and discussed.   
In Chapter Six, the significance of EPS and SMP is described and the impact of treatment 
configurations of interest on sludge feed and digested sludge extractable carbohydrates and 
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proteins related EPS and SMP concentrations is investigated, in particular EPS and SMP 
degradation kinetic rate constants. 
In Chapter Seven, the impact of ITHP and THP on anaerobic digestion process in terms the 
kinetics of sewage sludge biodegradation is presented. 
Chapter Eight provides conclusions of this research work and gives recommendations for 
further research and practical implementation of the learnings to pilot and full-scale plants. 
Chapter Nine provides a complete list of references used for this research work and the 
final section of this thesis is the Appendices where detailed statistical analysis with 
discussions of the data used as well as tables of additional experimental data are presented.  
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TREATMENT PROCESSES 
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 Introduction 2.1
In this Chapter, background information on wastewater treatment processes and their 
associated sewage sludge treatment is provided. Initially, an overview of the legislations and 
drivers governing the treatment of wastewater and sludge in the EU and UK is given followed 
by a summary of the current wastewater and sewage sludge treatment processes and disposal 
methods.  
2.2 Driver for Improved Wastewater and Sewage Sludge Treatment 
Standards in the UK 
 
National and international regulations have been in place for a number of years to ensure 
that wastewater collection and treatment is carried out effectively. In the past, failure to 
effectively regulate wastewater treatment and sludge disposal had negatively impacted on the 
environment and human health. An example of such an impact was reported by Randtke 
(2000); Hansen (2009) and Penders (2002) that in the past, the sanitary condition in London, 
Rome and Paris were so bad and it led to rampant diseases outbreak and deaths. They also 
reported few examples, where on the streets of London and Paris, waste and excrement 
provided food for the rats, thus bringing diseases carrying ticks and fleas into human contact. 
As the results of this apparent environmental and health concern in these significant European 
cites various national laws and decrees had been repeatedly passed to prevent the uncontrolled 
disposal of waste on the natural environment (Cooper, 2001).   
Despite the fact that  various national laws  were being passed, the rivers in major 
European cities, London (River Thames), Rome (River Tiber) and Paris (River Seine) were 
still raging open sewers (Randtke, 2000). For example, in the summer of 1858, the river 
Thames in London was badly polluted by human excrement and caused a stench, the stench 
known as the ‘Great stink’ and  resulted in widespread cholera outbreak. 
In order to mitigate this problem, parliament made large funds available for urgent provision 
of intercepting sewer systems, pumping stations and treatment works. With design and input 
from Brunel, Joseph Bazalgette was able to build and deliver extensive wastewater collection 
sewer systems that serve London to this day (Andrews, 2006; Fountain, 2009). 
However, the establishment of sewer systems improved the inland environment, but led to 
heavy pollution of watercourses and rivers. In 1950, 1957, and 1959 the maximum length of 
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Thames Estuary was devoid of a trace of dissolved oxygen in solution that reached 30 miles 
in London (HMSO, 1964).  
Due to this extensive anaerobic condition in the river, sulphide was produced in large 
quantities and was found, not only in solution and suspension in the water, but also in 
measurable concentration in the air (as hydrogen sulphite) above the estuary and sometimes 
several miles from the estuary. Particularly, between1920–1960, river pollution was worse 
than previous periods because of increased population number and reduced dissolved oxygen 
level in the river. During this period, pollution related fish kills and its overall impact on 
marine life was very high (HMSO, 1964).  
Further government financial investment and scientific investigations ensued to improve 
wastewater collection and treatment and secure ways of waste disposal. As a result of these 
policies, from 1960s onwards, proper water pollution control was established and as a result, 
the dissolved oxygen levels in rivers started to improve.  Subsequently more new sewage 
treatment works were introduced. The fish fauna began to flourish (Wheeler, 1979, cited in 
Matthiessen and Law, 2002) in the Thames River.   
A clean Rivers (Estuaries and Tidal Waters) Act 1960 was passed and requirement for 
consents on new discharges was imposed. Particularly during 1970s, numbers of 
parliamentary Acts were passed in the UK and the sanitation standards in towns and cities 
were much improved and the Fish communities in the Thames estuaries have remained 
broadly stable (Andrews, 1984; Araujo et al., 2000). The result of this success was 
disseminated in other part of the world, particularly in European countries and partially in 
Northern America. 
2.3 EU Wastewater Treatment Standards 
 
At international level, the formation of the European Economic Council (EEC) later named 
as European Union created a framework of water pollution preventative directives that 
continue to keep the wastewater treatment standards in most EU countries. One such EU 
directive relevant to wastewater treatment was the Urban Waste Water Treatment Directive 
91/271/EEC (UWWTD), (Gonzalez, 2006). The Directive put forward specific requirements 
for (a) waste collection systems, (b) waste treatment plants and (c) monitoring of discharges 
to natural water courses (EPA, 1997). The UWWTD superseded the existing UK Royal 
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Commission 20/30 standards (i.e. 20 mg/l BOD and 30 mg/l SS) with 25 mg/l, 125 mg/l and 
35 mg/l standards for BOD, COD and SS respectively.   
For discharges to sensitive waters the UWWTD clearly prescribed an annual mean limits 
for total phosphorus (2 mg/l) and total nitrogen (15 mg/l) for treatment plants serving between 
10,000 and 100,000 population equivalent (PE). Plants serving larger than 100, 000 PE 
require a discharge consent standard of 1 mg/l phosphorus and 10 mg/l Nitrogen. Surface 
waters and ground waters are protected and managed by the Water Framework Directive 
(2000/60EEC) (Gonzalez, 2006) in conjunction to the UWWTD.  
With regard to industrial wastewater discharge to sewers, the Directive places 
responsibility on waste producing industries by licensing the discharge of industrial waste 
water and ensures that the characteristics of waste water entering the wastewater treatment 
plant do not affect the performance of the plant: EU Urban Wastewater Treatment Directive 
imposed the polluter pays principle. It also imposed responsibility on Wastewater treatment 
plant operators to run their treatment plants efficiently. 
2.4 Impact of the Sludge Directive (86/278EEC) on Sewage Sludge 
Treatment 
 
As a result of wastewater treatment processes, residual solids are produced in the form of 
sewage sludge, which has to be dealt with in a safe and efficient manner. The treatment 
standards of sewage sludge has been enforced by the Use of Sludge in Agriculture Directive 
(86/278/EEC) that provides a general guideline on mandatory requirement for sludge 
treatment standard and its safe disposal.  This was adopted in 1989 as a code of practice in the 
UK and defined various types of treated sludge, including standard mesophilic anaerobic 
digestion conditions: 
 Primary digestion: minimum of 12 days HRT at  35 ± 3o C 
 Secondary storage: mean of 14 days HRT 
 
In the UK, the Use of Sludge in Agriculture Directive is adopted through a number of UK 
Codes of Practice (COP) on the treatment of sewage sludge, the latest being a voluntary COP 
developed by the Water Industry referred to as the Safe Sludge Matrix. Safe Sludge Matrix is 
a voluntary code of conduct that was established in 1998 due to the increasing public pressure 
(particularly due to public concern  about infectious diseases such as Bovine Spongiform, 
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BSE) as an agreement between the Water UK, the British Retail Consortium (BRC), 
Department of Environment, Transport and Regions (DETR), Food Standards Agency (FSA),  
Environmental Agency (EA), and Food and Drink Federation (FDF) which affected all 
applications of sewage sludge in agriculture (ADAS, 2001 cited by Gonzalez, 2006). The 
British Retail Consortium was concerned that food in their shops might pose a risk to 
consumers, although there was no scientific evidence to support this concern.  
Under this agreement a demonstrable audit procedures must be followed to provide 
evidence that no untreated or noncompliant sludge is recycled to edible crop grown land. 
Therefore, the safe Sludge Matrix introduced measures (ADAS, 2001) such as: 
 Phasing out of untreated sewage sludge in agricultural land for food production since 
1999,  
 Pathogen removal from sludge is required 
 Linked crop with a minimum level of sludge treatment 
 Hazardous Critical Control Points (HACCP) to monitor the treatment process 
 Classified sludge into “treated sludge status”, indicating a sludge treatment quality that 
achieved a 2 log reduction in E.coli and “enhanced treated sludge status” indicating a 
sludge treatment quality that achieved a 6 log E.coli reduction, and 
 Longer period of time between sludge application and harvesting 
 Monitoring of final product (2 log reductions in E. coli per gram dry solids ‘for treated 
sludge’, 6 log reductions in E. coli per gram dry solids ‘enhanced treated’). 
 Enhanced – zero Salmonellae 
 Process controls 
 Identify Critical Control Points (CCPs) 
 Demonstrate pathogen removal by process testing 
 Routine process monitoring 
 Process problems – identify actions and evidence of corrective actions 
 Compliance records/auditing 
 
The Safe Sludge Matrix improved the confidence within the food industry in the 
agricultural use of sewage sludge in the UK due to the application and the following of 
auditable procedures by the Water Industry.   
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2.5 Overview of Wastewater Treatment Processes 
 
Over the past two centuries wastewater treatment has developed from a non-existent field 
into a complex industry that has helped improve the quality of life throughout the world 
(Riedel, 2009). Wastewater is produced from domestic, industrial, surface run-offs and 
ground water infiltration. It is estimated that on average about 200 litre of wastewater is 
produced per Capita per day, mostly this applies to persons living in developed countries 
where water consumption is considered to be relatively high with  significant  industrial 
contribution, this value may increase to 300 litre of wastewater produced per Capita per day. 
Lately however, due to the use of efficient water conservation measures such as water 
controlling devices for flashing toilets and other, the average per Capita water consumption 
has been reduced to 160 litters per day (Pearce, 2010) and this downward trend is expected to 
continue with increased public awareness about the availability of water saving devices such 
as toilet Hippo used in areas served by Thames water. Similarly in Defra (2012), it was 
reported that every day in the UK over 624200 kilometres of sewers collect over 11 billion 
litres of waste water from homes, municipal, commercial and industrial premises and 
rainwater run-off from roads and other impermeable surfaces. This 11 billion litres of waste 
water comes from 96% of the UK population, the remaining 4% comes from smaller 
communities and individual properties in rural communities. These were later in 2011 
transferred to water utilities.  
Wastewater usually arrives to the wastewater collection point via a network of sewers that 
form a sewer system. A sewer system is a network of pipes coming from residential homes, 
commercial or industrial sites connected to central sewerage pipe and pumping station that 
collect and transport wastewater to central treatment centre or sewage treatment works. The 
wastewater arriving at a wastewater treatment work, referred to as a crude sewage, consists of 
99.9 percent water and 0.1 percent solids. These solids can be divided into two components 
called dissolved and suspended solids. Of these solids about 75 – 85% by weight is organic 
matter for domestic wastewater and about 50 -60% by weight from industrial wastewater.   
The main objective of wastewater treatment is to prevent the pollution of surface water by 
reducing nitrogen, phosphorus, organic matter and suspended solids as well as reducing 
communicable diseases (Ingildsen, 2002; Andrews, 2006). Wastewater treatment is a multi-
stage process that aims to separate the wastewater into its two phases of liquid and solid. The 
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liquid phase is the treated effluent and it is discharged to local watercourses and the solid 
phase or sewage sludge is treated and often recycled to land. Figure 2.1 shows a typical urban 
waste water treatment process flow diagram consisting of preliminary, primary, secondary 
and at times tertiary treatment processes. 
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Figure (2.1)  Typical urban waste water treatment process flow diagrams 
2.6 Preliminary Wastewater Treatment Process 
 
The purpose of preliminary treatment of wastewater is to remove wastewater constituents 
that may cause maintenance or operational problems for the treatment processes and ancillary 
systems (Metcalf and Eddy, 1991 cited in Andrews, 2006) downstream. The overall function 
of the inlet screen is to remove coarse materials (screenings) from the flow stream and prevent 
damage downstream process equipment. 
The first preliminary treatment unit encountered in a modern waste water treatment plant is 
inlet screen (Metcalf & Eddy, 2004). It is used to remove or separate solids found in the 
influent wastewater treatment plant. In combined wastewater system, a storm-water collection 
tank is provided. The second preliminary treatment unit is the grit removal plant where 
principally road grit is removed by slowing the crude sewage flow and allowing the grit to 
settle by gravity in the grit chambers provided. In some plants, fat, oil and grease (FOG) 
removal plant is installed to remove floatable FOG material but these processes are often 
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unreliable. Collected screenings and grit are dewatered to reduce volume before disposal to 
landfill.   
2.7 Primary Wastewater Treatment Process 
 
After the preliminary treatment steps, the crude sewage enter the next stages of wastewater 
treatment process the primary treatment process. The purpose of this step is to remove 
settleable solids containing mainly organic matter from the sewage.  
Primary treatment processes generally rely on gravity settlement of solids to the bottom of 
the settlement tanks although other types of primary treatments such as floatation and assisted 
chemical settlement are used. During primary treatment process a portion of the suspended 
solids and organic matter is removed from the wastewater by sedimentation (Metcalf & Eddy, 
2003 cited in Andrews, 2006). According to Metcalf & Eddy (2004), the primary 
sedimentation process is designed to remove about 50 to 70 percent of the suspended solid 
entering the sedimentation tank but often this target is not achieved (Fountain, 2009). The 
performance of primary sewage treatment has a large impact on the sludge quality and 
quantity and therefore its effectiveness is critical in running an efficient wastewater treatment 
process. 
The solids collected from the primary treatment, referred to as the primary sludge, is 
pumped away at regular intervals from the settlement tanks based on a predetermined sludge 
blanket level and guided by sludge blanket (level) detector. Once the settled solids in the 
primary settlement tank was removed, the effluent known as settled sewage gravitates to 
secondary treatment plant which is normally a biological treatment. 
2.8 Secondary Wastewater Treatment Processes 
 
After the primary wastewater treatment step, wastewater is further treated for the removal 
of colloidal and soluble organic matter present in the settled sewage (Karia and Christian, 
2010) using secondary wastewater treatment processes. The objective of secondary treatment 
is to reduce biochemical oxygen demand, remove nutrients and suspended solid from the 
settled sewages in order to achieve regulatory standards and maintain the quality standards of 
the receiving waters (Andrews, 2006).  Several types of secondary treatments in use are 
trickling filters, stabilisation ponds, activated sludge plant (ASP), aerated lagoons, and 
rotating biological contactors (Metcalf & Eddy, 2004). Of these processes, significant 
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proportion of biological sludge is produced from urban based secondary sludge treatment 
process where a diverse population of microorganisms are mixed with settled sewage (Pearce, 
2010) in aerated vessels. The bacteria are given sufficient time to breakdown the organic 
matter, reduce phosphorus by assimilation and oxidise nitrogen in the form of ammonia to 
nitrates and nitrites. 
 A significant proportion of the suspended solid (30 to 50%) in the sewage entering the 
ASP is converted to bacterial biomass. The biomass known as mixed liquor consists of floc of 
solid bacterial mass and has to be removed from the process to ensure maintenance of a viable 
bacterial population.  This is done by conveying the mixed liquor to the final settlement tank 
(FST) stage, whereby the solid mass is settled and separated from the liquid known as final 
effluent.  About 50% of the settled biomass is returned to the head of the secondary treatment 
plant, referred to as the returned activated sludge or RAS, which is used to seed the incoming 
settled sewage with bacteria, while the remaining part of solid known as surplus activated 
sludge (SAS) is removed. The SAS produced contains about 0.6 -0.7% solids by weight 
(Pearce, 2013). A good performing ASP removes between 30 to 35% of the solid that entered 
the secondary treatment. There are several variants of the ASP process which are out of the 
scope of this overview. 
2.9 Tertiary Wastewater Treatment Process 
 
After the preliminary, primary and secondary treatment stages, the treated effluent may 
either be discharged directly into a receiving body of water or undergo a further stage of 
tertiary treatment (Andrews, 2006) if the receiving watercourse is considered as a sensitive 
waters. The most widespread tertiary treatment (TT) process in use is rapid gravity sand 
filtration where the effluent is allowed to gravitate through a bed of sand for removal of small 
and colloidal particles. After a period of time the sand has to be taken offline for 
backwashing. The solids removed from the tertiary treatment are often pumped to the head of 
the treatment works. The effluent discharge quality standards are set by the Urban Waste 
Directive (91/271/EEC). To ensure operation of an efficient and sustainable treatment 
process, the residual solids produced during the primary secondary settlement processes, 
referred to as primary and secondary sludges respectively, have to be dealt appropriately.  
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In the next section, an overview of the main sludge treatment processes in use in the water 
industry pertaining to this research is given. A more detailed explanation of sludge treatment 
types is presented in Chapter Three. 
2.10  Sewage Sludge Processes and Treatments  
 
Sludges resulting from wastewater treatment processes are often in the form of a liquid 
representing about 5% of the total flow to a STW. Numerous sewage sludge processing steps 
and treatment processes have been developed in the last 70 years in order to reduce sludge 
volume and reduce its potential to spread disease and make it more environmentally safe for 
disposal. Table 2.1 shows commonly available sludge processing, treatment and disposal 
options.  
Sludge treatment processes can be categorised as: (a) mechanical treatment, e.g., sludge 
screening, gravity thickening, mechanical thickening/dewatering, (b) chemical treatment, e.g., 
coagulation /flocculation treatment and (c) biological sewage sludge treatment process, e.g., 
aerobic and anaerobic treatments under different temperature regimes. These processes are 
often combined in order to make the overall sludge treatment process more efficient from the 
point of view of treatment efficiency and cost effectiveness. 
 
Table (2.1)  Sludge processing and disposal options (Metcalf and eddy, 1991 and 
Andrews, 2006) 
Sludge Process Type Unit process or treatment method Purpose  
Preliminary treatment Pumping, grinding, blending and storage, 
and de-gritting 
Provide homogenous feed 
Thickening Gravity belt thickening, picket fence 
thickening (PFT), and drum thickening 
Reduce volume and improve the 
performance of downstream processes 
Conditioning Chemical conditioning – mainly organic 
and inorganic polymer 
Improve sludge thickening and dewatering 
process 
Sludge pasteurisation Lime treatment, Heat treatment Improve sludge compliance (pathogen 
reduction) and dewatering process 
Sludge stabilisation Composting, Aerobic digestion, Anaerobic 
digestion 
Eliminate sludge putrefaction, reduce 
odour potential, mass reduction, to achieve 
product recovery and re-use  
Dewatering Filter press, Belt press, Centrifuge, Bucher 
press, Sludge lagoons 
Reduce sludge volume to be disposed of 
and transport cost; To reduce fuel used 
during sludge drying and incineration 
process 
Thermal reduction Incineration, Wet air oxidation, 
Gasification or pyrolysis 
Maximum volume reduction, maximum 
energy generation, destruction of 
pathogens 
Disposal Land application, Landfill Recycling nutrients, environmental 
protection 
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2.11 Mechanical Treatment of Sludge 
 
Mechanical sludge processing steps include sludge screening, thickening, and dewatering 
processes. Other technologies such as sludge homogenisation, ultrasound pre-treatment and 
high pressure disintegration have been trialled in the last 15 years as a method for enhancing 
anaerobic biodegradation of sludge. These are reviewed in detail in Chapter 3. 
Sludge screening: Sludge screening involves passing the sludge through holes or slots of 6 mm or 
less in size.  The principal objective is to remove gross solids, particularly plastic material and 
rags, which might otherwise block downstream processes. Where full removal is not possible, 
sludge macerators are used. 
Sludge thickening: Several types of sludge thickeners are used to increase sludge solids 
concentration and thereby reduce the sludge volume in order to manage downstream plant 
sizes. Both mechanical and gravity sludge thickeners are used. There are several variants of 
mechanical thickeners: 
1) Gravity Belt Thickeners (GBT): consist of a looped filter belt on which thickening 
takes place in three phases: conditioning, gravity drainage and consolidation.  Polymer 
is added to the sludge feed and flocculated sludge is directed onto a rotating belt. As it 
moves along, water passes through the weave of the belt. At the discharge end of the 
machine, the sludge is further thickened by the consolidation caused by rolling sludge 
helped by a ramp at down position. The output-thickened sludge is typically 5 - 6% dry 
solid. GBTs are often recommended for thickening of surplus activated sludge and may 
also be considered for thickening primary sludge or co-settled sludges as well. 
2) Drum thickener sludge thickening: Drum thickeners are filtration drums using the 
same principles as GBTs but the rotating drum allows water to pass through wedge wire 
membrane surface, retaining the sludge solid back; this separates the sludge solid which 
is then removed from the drum at one point of the rotation. The drum rotates at 10-
15rpm and the output-thickened sludge is typically 5-8% dry solids. Drum thickeners 
are often used for thickening primary sludge or co-settled sludge. Drum thickeners have 
a smaller footprint than GBTs and use less power than a centrifuge thickener but have a 
lower throughput range than centrifuge or GBT. 
3) Centrifuge: Centrifuge thickening consist of planetary gear (drive), a scroll, bowl, 
screw conveyor, feed port, cake port and centrate port. Polymer conditioned sludge is 
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injected inside the centrifuge via sludge feed port, and the high rotational speed of 
bowel (3000 rpm), forces the sludge solids to the outer wall. The cake formed on the 
outer wall is screwed towards the cake discharge port. The liquid centrate is discharged 
at the opposite end via weir plate. The control of the centrifuge performance is 
influenced by several operating parameters: (a) Load set point (torque), (b) Differential 
speed (scroll rotating 5 to 10 rpm faster than bowel), (c) Pond depth (regulated by the 
length of weir plate), (d) Polymer choice, as well as dose and addition point; and (d) 
sludge solid quality. 
4) Picket Fence Thickener (PFT): The PFT (also known as a gravity thickener or a 
consolidation tank) is a process unit used as continuous gravity thickener.  Typically, a 
PFT consists of a circular settling tank where a picket fence is rotating in its vertical 
access aiding the separation of solids and liquid. The solids settle to the bottom of the 
tank and are withdrawn from the bottom hopper by pumping on timed basis. PFTs are 
designed to provide thickened primary sludge of 4-8% dry solids but this is rarely 
achieved due to sludge feed inconsistency, plant overloading and difficulty in sludge 
blanket control.  
5) Sludge blending and mixing: Blending/buffer tanks fulfil several distinct functions 
depending on the location in the sludge stream:  
 Blending Tanks acts as a dedicated process unit where sludge from a number of 
sources is mixed to provide a blended feed to downstream processes such as 
digesters or sludge dewatering devices. Blending Tanks primarily keep the 
sludge(s) in suspension and provide some mixing.  
 High Energy Blending Tanks acts as a dedicated process unit where different 
sludges from a number of sources are mixed to provide a homogenous feed to 
downstream processes. This process is used where dissimilar sludges e.g. SAS 
and primary need to be mixed. Where the downstream process is sensitive to 
variation of sludge make, a high energy blending system will be required. 
Buffer Tank process unit is a dedicated process where sludge is retained to smooth out 
variations in flow to downstream processes, or to allow sludge to be stored so that 
downstream processes can be operated intermittently.  
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2.12 Chemical Treatment Processes 
 
Chemical treatment may be used as a disinfection process as a sludge treatment before its 
disposal. The sludge feed is mixed with a chemical in order to increase its temperature to the 
required value for a specific period of time in order to kill microorganisms present. The 
regulatory guideline requires the pasteurisation process to achieve70
o
C for 30 minutes. The 
most widespread chemical used in the water industry for sludge chemical treatment is   
quicklime which is added to sludge in order to increase the pH and temperature due to the 
release of heat when the lime comes into contact with water in the sludge. At pH of 12 or 
more with sufficient contact time, pathogens are either inactivated or destroyed.  Lime 
treatment is expected to achieve 6- log or 99.999% E.coli reduction and to less than 500 cfu 
per gram sludge or zero salmonella in 50 g wet weight (Barber, 2002).    
Chemical treatment is widely used to kill pathogens and also to help the dewaterability of 
raw sewage sludge. Chemical treatment is often used mainly as main raw sludge treatment 
process or as an emergency sludge treatment option when other sludge treatment options are 
not available. Frequently used chemicals are powdered lime, liquid lime, ferric chloride, plus 
polymers (Chen and Jiang, 2014,). Lime has the effect of pH control that results in 
disinfection and odour control. Sometimes, ferric chloride solution is used in conjunction with 
lime, but the order of ferric and lime addition is very crucial if good sludge dewaterability is 
to be achieved (Al-Malack et al., 2002): the addition of ferric followed by lime often works 
well, but not the other way around. According to Deneux-Mustin et al., (2001), the use of 
both Ferric and lime enhanced the sludge dewaterability, but the mechanism of how this 
enhancement takes place is not well understood. The addition of lime on the iron added 
sludge produced crystals with ferric and phosphorus and creates roughage for better sludge 
compressibility and dewatering.  Several types of sludge chemical pre-treatment processes are 
in use, principally to enhance sludge digestion process performance, and these are further 
discussed in detail in Chapter 3. 
2.13 Biological Sewage Sludge Treatment Process 
 
Biological sludge treatment processes such as composting, aerobic and anaerobic sludge 
digestion are used to produce materials fit for recycling to agricultural land. Typical 
conventional biological processes are:   
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1) Composting: In this process, sludge cake is mixed with a bulking agent such as straw, 
sawdust, plant cuttings, wood chips or other solid organic waste and supplied with air at 
a regular time interval. Aerobic biodegradation of organic matter takes place and as a 
result the sludge temperature is raised to about 55 to 60
o
C within the body of the 
composting pile. A period of maturation is required following composting to ensure 
complete compost volume reduction. Compost is used as soil conditioner, top soil 
dressing, or mulching. 
2) Thermophilic aerobic digestion: In this process, thickened sludge is subjected to 
thermophilic aerobic digestion process where air is injected into the sludge in a 
thermally insulated reactor vessel. The process achieves a minimum temperature of 
55
o
C for a period of 4 hours and the stabilisation is complete after a minimum of 7 days 
hydraulic retention time (HRT). The process is exothermic and heat produced 
pasteurises the sludge, increases sludge organic matter biodegradation (Dhir et al., 
2001). 
3) Mesophilic anaerobic digestion: This is anaerobic biodegradation of sludge by 
anaerobic bacteria and it has been used extensively in the wastewater industry to 
produce stabilised sludge for recycling to land (digestate) and as a by-product, biogas, a 
mixture of 65% CH4 and 35% CO2, is produced which is used to provide heat for the 
process and production of electricity. Specifically, MAD could be considered as the 
workhorse of sludge treatment and in the last 15 years a great deal of work has been 
done to increase its efficiency. Most of these initiatives have been based on the use of 
pre-treatment process steps in order to alter the chemical and physical properties of 
sewage sludge in an attempt to make sludge more biologically degradable in the 
subsequent MAD stage.  Some of these pre-treatment process steps are: 
 High pressure disintegration of biological sludge (SAS) 
 Thermal pre-treatment of SAS or mixed sludges 
 Alkali and acid hydrolysis of SAS and mixed sludge 
 Biological acid phase digestion(APD)  
 Multi-stage anaerobic digestion (AD) 
 Thermal pre-treatment of sludge under elevated pressure (also known as thermal 
hydrolysis. THP)  
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Most of these processes have run their course because they did not deliverer the expected 
treatment efficiency and only few have survived the test of time; therefore pre-treatment 
processes were narrowed down as a result of performance based natural selection process. Of 
particular interest in this research is the THP process which has found increasing acceptance 
in the water industry and a large number of them are being installed around the world. The 
process consists of steam treatment of sludge to temperature of 165-170
o
C and pressure of 6-
7.5 bars for about 30 minutes before cooling and feeding to the subsequent MAD stage.  
 Whilst the basic theory of thermal hydrolysis has been around for over 20 years, there is 
little scientific information on what actually happens to sludge which is a complex substrate 
of variable composition. Moreover, its impact on the subsequent MAD stage is not well 
understood. The THP process is energy intensive and at higher sludge volatile solid load 
condition, THP has shown a reduction in the overall sludge digestion process efficiency, in 
terms of VS reduction and biogas generation per tonne sludge solid feed (Shana et al., 2011; 
Shana et al., 2012). Acknowledging the significance of THP under performance, the use of it 
in different sludge treatment configurations was investigated.  Preliminary work showed that 
if the THP process was used as an intermediate step in comparison with a pre-treatment 
method, there would be improvement in the digestibly of the resulting sludge, the overall 
process efficiency and therefore cost (Shana et al., 2011; Kafle, 2011; Shana et al., 2012; 
Mancini, 2012). In the following Chapter 3, a detailed review of the relevant published 
literatures related to the main topic of this research work with particular emphasis to sludge 
pre-treatment processes used to enhance the anaerobic digestion process efficiency is 
presented. 
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CHAPTER 3 
3. LITERATURE REVIEW 
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 Introduction 3.1
 
In this chapter a detailed literature review relevant to this study is presented. The chapter 
has been divided into nine sections, each presenting a discussion about particular area of this 
research work. In order to get the desired outcomes from the use of anaerobic digestion 
process, one needs to understand or at least appreciate the importance of anaerobic digestion 
process microbiology and biochemistry as well as the factors affecting the overall anaerobic 
digestion process efficiency. 
Without a background knowledge or appreciation of the microbiological processes and the 
biochemistry involved along with the factors affecting the anaerobic digestion processes, any 
investment in anaerobic digestion technology and running it would be a futile business. 
 According to Speece (1996), knowledge of microbiological process parameters and 
operating principles conducive to successful methanogenesis is a necessary factor for the 
successful utilization of anaerobic digestion technology by the concerned industries.  
Acknowledging the relevance of these facts, this chapter first presents a review of the role 
of anaerobic bacteria involved in anaerobic digestion of sewage sludge, the types of sludge 
digestion processes in use and the factors that affect these sewage sludge digestion process.  
The aim of this literature review is therefore, to establishing the various drivers for the 
emergence of new sewage sludge treatment technologies and at the same time find out, if in 
the past the intermediate thermal hydrolysis process or similar process configuration was used 
elsewhere as a post sludge digestion treatment and digestion technology.  
Finally the kinetics of anaerobic digestion of sludge composition, and summary of the 
literature review related to the study including a strong justification for this research work are 
presented. 
 
3.2 Review of Anaerobic Digestion Fundamentals-Microbiology 
and Biochemistry 
 
Anaerobic digestion is a biological process where organic matter is degraded to soluble 
intermediate organic compounds and the intermediates into biogas (mainly methane, carbon 
dioxide and hydrogen gases). In this regards, the anaerobic digestion process is recognised as 
a process in which microorganisms break down biodegradable organic matter in the absence 
of free oxygen. Anaerobic sludge digestion requires the presence of a diverse and closely 
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dependent group of bacteria to bring about the complete conversion of complex substrates to 
biogas (Speece, 1996). Thus, the anaerobic digestion process is primarily driven by a bacterial 
fermentation and conversion to biogas (Lu, 2006) and almost all essential substrate 
conversion to biogas takes place inside the bacteria cell. Figure 3.1 shows a bacteria cell with 
its revealed organelles (adopted from www.shuterstoch.com/stock Images). 
 
 
Figure (3.1)  Bacterium with revealed organelles and surface area used for soluble organic 
matter nutrient absorption (adopted from www.shuterstoch.com/stock , 
accessed on 22 November 2013).  
 
Before the nutrient conversion takes place within the bacteria cell, the transportation of 
nutrients from the outside environment into the bacteria cell membrane is required.  For this 
reason, the bacteria produce two types of enzymes: exoenzymes and endoenzymes to 
hydrolyse the sludge constituents (carbohydrates, proteins and lipids). Exoenzymes convert 
substrate into a form that can be taken up into the bacteria cell for further breakdown by 
intracellular endoenzymes. The endoenzymes are involved in synthesis and energy generation 
within the bacteria cell. The exoenzymes are produced in the bacterial cell and released 
through the cell membrane and cell wall to hydrolyse insoluble organic matter that are 
adsorbed to the exocellular slime otherwise known as extracellular polymeric substance (EPS) 
(Shana et al., 2014; Gerardi, 2003).  
The enzymes have a high degree of substrate preference and a bacterial cell must produce 
different enzymes to suite the available substrate type such as carbohydrates, proteins and 
lipids. Table 3.1 shows the various substrate type related to exo-enzymes that degrade the 
sludge organic matter compositions in preparation for their take up by the bacteria cell.  
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Table (3.1)  Exo-enzymes that participate during hydrolysis stage of anaerobic digestion 
(Gerardi, 2003, cited in Jiang, 2012). 
Substrate to be degraded Exo-enzyme Needed Example Representative product 
Polysaccharides Saccharolytic Cellulase Simple Sugar 
Proteins Proteolytic Protease Amino acids 
Lipids Lipolytic Lipase Fatty acids 
 
The enzymes responsible for the degradation of sludge constituents are first synthesised 
within the bacteria cell, second they are excreted into the environment to hydrolyse the 
adsorbed simple sludge organic matter and transported them into the bacteria cell to be 
metabolised (Gray, 2004; Pletschke et al., 2004 cited in Gonzalez, 2006). The bacteria 
population (cell number per ml of digesting sludge) in anaerobic digesters consists of 
saccharolytic bacteria population of 10
8 
cells per ml of sludge, lipolytic bacteria population of 
10
5 
cells per ml of sludge and proteolytic bacteria population of 10
6 
cells per ml of sludge. 
Some bacteria participate in both, hydrolysis and acid fermentation processes (IWPC, 1979 
cited in Gonzalez, 2006). Figure 3.2 shows the bacteria cell components where two types of 
enzymes are produced and used by the bacteria for the degradation of sludge organic matter. 
 
 
 
 
 
 
 
The entrance of substrate into the bacterial cell and its utilisation or accumulation are 
driven by a proton-motive force consisting of a chemical (𝚫pH, interior alkaline), an electrical 
(𝚫ψ, interior negative) potential difference between the inside and its external surrounding 
environment. Anaerobic fermentative bacteria generate the proton-motive force via an 
Figure 3.2 Bacteria cell showing two types of enzymes used by 
bacteria to degrade sludge organic matter (Gerardi, 2003) 
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electrogenic H
+
 translocating ATPase (Thauer, et al., 1977) i.e. the ATPase flips and switches 
the direction of proton in the bacteria cell.  
It is well known fact that, one group of bacteria develop a symbiotic relationship with other 
type and they live in proximity to each other (Gerardi, 2003), perhaps protected by 
extracellular polymeric substrates (EPS) produced by each bacteria. Complex substrates such 
as sewage sludge must first undergo the hydrolysis process meditated by hydrolytic bacteria 
and converted to simpler monomers, after which their products are fermented to volatile fatty 
acids by acidogens (Speece, 1996). One of the essential factors for biological sludge 
degradation and conversion to various end products is the contact time between bacteria 
surface and the sludge particle. This is often encouraged by the use of digester mixing system. 
Figure 3.3 illustrates the taking up of substrates by a bacteria cell from its environment into 
the cell membrane via EPS or exoenzymes, and the production of daughter cell as well as the 
production of metabolic by-products. 
 
 
Figure 3.3 Bacteria: substrate up take by the bacteria, the production of biomass and by-
products (Bailey and Ollis, 1986). 
 
During the anaerobic digestion process, efficient biogas production and sludge solid mass 
reduction relies on complex microbiological processes that require optimum anaerobic 
digestion process conditions. To this end, the anaerobic digester operator is required to 
understand and appreciate the microbiology of anaerobic digestion process and utilise this 
knowledge as a management tool for the successful anaerobic digestion process. 
Acknowledging this fact, in the following sections the microbiology and biochemistry of 
the anaerobic conversion of polymeric organic materials to methane and other by-product is 
discussed. 
Bacteria 
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3.2.1  Microbiology of anaerobic digestion processes 
 
According to Mosey and Fernandes (1989); Nges and Liu (2009); and Jiang (2012), the 
following are the four microbiologically driven anaerobic digestion process steps: 
 Hydrolysis process carried out by the hydrolytic bacteria 
 Acidogenesis process carried out by the acidogenic fermentative bacteria that produce 
VFAs 
 Acetogenesis process carried out by acetogenic bacteria that convert VFA to acetic 
acid 
 Methanogenesis process carried out by methanogenic bacteria that convert acetic acid, 
hydrogen and carbon dioxide into methane.  
In addition, it is important to mention that the accumulation of high concentration of Long 
Chain Fatty Acids (LCFAs) that are adsorbed strongly to biomass can cause the encapsulation 
of active syntrophic communities and hamper the diffusion of substrate and product in and out 
of the biomass (Sousa et al., 2009).  
Methane and other fermentation by-products are produced by sequence of metabolic 
interactions between four groups of   bacteria or series of bacterial processes. The disruption 
of one step of the process disrupts the whole process (Cavinato, 2011). The series of bacteria 
involved are:  
a) Hydrolytic bacteria: Polymeric substances in the sewage sludge such as 
carbohydrates, Proteins and Lipids are hydrolysed by extracellular enzymes 
(hydrolase) excreted by bacteria i.e. the sludge chemical bonds are cleaved by the 
addition of water (Rea, 2014; Horan, 2014). In the process, the polymeric materials are 
converted to monomers such as glucose, amino acids and fatty acids for their 
subsequent utilisation by Acidogenic bacteria. The hydrolytic bacteria produce 
exoenzymes that catalyse the splitting of water (H
+
 and OH
-
) breaking up the organic 
bonds such as polymeric substances contained in the primary and activated sludges. 
The products of the hydrolysis process are smaller molecules that are capable of 
penetrating the cell membrane and are consequently degraded into other by-products 
which become available to the next group of bacteria (Gonzalez, 2006).  
The types of hydrolytic bacteria, which are involved in the hydrolysis of complex 
substrates during anaerobic digestion process, are presented in Table 3.2.  
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Table ( 3.2)  Hydrolytic bacteria present in the anaerobic digestion process (Madigan et al., 2003; 
Noel and Shana, 2006). 
Genus   Substrate Enzyme Reference 
Clostridium  Polysaccharides Cellulase and amylase McCarty, 1982 
Cellulosomonas  Polysaccharides Cellulase and amylase Gerardi, 2003 
Bacillus  Proteins  Gerardi, 2003 
Bacteroides  Proteins protease McCarty, 1982 
Fusobacterium  Proteins protease McCarty, 1982 
Selenomonas  Proteins protease McCarty, 1982 
Streptococcus  Proteins protease Gerardi, 2003 
Mycobacterium  Lipids lipase Gerardi, 2003 
Micrococci  Lipids lipase Gerardi, 2003 
 
Each exoenzyme as well as endoenzyme degrades only a specific substrate or group of 
substrates (Gray, 204; Gonzalez, 2006), thus a diverse bacteria community is required to 
ensure that correct type of exoenzymes and endoenzymes are available for the degradation of 
sludge during the anaerobic digestion process. 
b) Acidogenic fermentative bacteria: these bacteria convert the short chain fatty acids 
such as propionic, butyric, and valeric acids produced by the hydrolytic bacteria to 
acetic acid, hydrogen and carbon dioxide. These bacteria use endoenzymes to convert 
long chain fatty acids to acetic acid, hydrogen and carbon dioxide inside bacteria cell. 
The bacteria involved in this group are Clostridium, Escherichia, Peptococcus, 
Campylobacter, Bacteroides and Propionicbacterium, producing butyrate, acetate, H2, 
CO2, propionate, ammonia, valeric acid and others. Many of the organisms that carry 
out fermentation are the same ones that carried out hydrolysis during the first stage of 
the anaerobic digestion process. But other organisms from other genera, for example 
Enterobacterium, Acetobacterium and Eubacterium also play active role in the 
hydrolysis and fermentation of complex organic substrates (Schnürer and Jarvis, 
2009). 
c) Acetogenic bacteria: this group of bacteria produce acetic acid, carbon dioxide and 
hydrogen from acidogenic fermentation by-products such as the various VFA species 
listed above. This group of bacteria work in synergy with methanogenic bacteria 
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during hydrogen transfer processes. These bacteria are difficult to isolate due to 
technical difficulties involved and the known bacteria involved in this group are 
Sytnrophobacter wolinii and Propionicbacterium. Sytnrophobacter wolinii and 
Prpionicbacterium are propionate decomposers, whereas, Sytrophomonas wolfei and 
Clostridium are butyrate decomposers. There are two main types of acetogens: 
hydrogen producing acetogens and homoacetogens (Strict anaerobic bacteria that 
catalyse the formation of acetate from H2 plus CO2 in their energy metabolism 
(Diekert and Wohlfarth, 1994)).  
d) Methanogenic bacteria: this group of bacteria convert acetic acid; hydrogen and 
carbon dioxide into methane. However, there are only few bacteria capable of 
producing methane from acetic acid, where the majority of methane is produced 
(Demirel and Scherer, 2008, cited in Zieminski and Frac, 2012). Methanogenic 
bacteria use limited quantities of simple organic substrates produced by the previous 
stage, the most important once are: acetic acid, carbonic acid, hydrogen and carbon 
dioxide (Conrad, 1999 cited in Zieminski and Frac, 2012). Certain species of bacteria 
can also use methylamine (CH3NH2) (Classen et al., 1999 cited in Zieminski and Frac, 
2012) for the production of methane. Owing to the substrates used, methanogenic 
bacteria are divided in to two main types of bacteria groups. These are: (a) 
Acetoclastic methanogens which reduce methyl groups and consists of 
Methanosarcinales genus which use simple compounds namely acetic acid for their 
growth. (b) Hydrogenotrophic methanogens consists of Methanosaeta (Methanothrix). 
During anaerobic digestion of sewage sludge the number of Methanosaeta genus 
decreased with increasing acetate concentration in the environment, with simultaneous 
intensive growth of the bacteria belonging to Methanosarcina genus which are 
acetotrophic methanogens (Griffin et al., 2000 cited in Zieminski and Frac, 2012).Two 
third of overall methane produced comes from aceticlastic methanogens route. On the 
other hand, the hydrogenotrophic methanogens have relatively higher rate of growth 
and nearly one third of the overall methane produced comes from this route (Gerardi, 
2003; Zieminski and Frac, 2012). Methanogenic bacteria are very sensitive to changes 
in temperature and pH, their development being inhibited by a high level of volatile 
fatty acids and other compounds such as hydrogen, ammonia, and hydrogen sulphide 
in the environment (Zeikus, 1977 cited in Zieminski and Frac, 2012). Methanosaeta 
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and Methanosarcina genera are morphologically very distinct: Methanosaeta includes 
large sheathed rods, often forming long filaments and large aggregates, whereas 
Methanosarcina contains species of cocci, which may occur singly or in packets 
(Whitman et al., 1992, cited in Pereira, 2003). Table 3.3 shows methane forming 
bacteria found in digesting sludge samples taken from a live anaerobic digester. 
Table (3.3)  Methane- forming bacteria during anaerobic digestion process (Gerardi, 2003) 
Genus Morphology Gram 
Substrate 
used 
Fermentation end- 
products 
Methanobacterium Rod shaped (long) variable H2/CO2 Methane, carbon dioxide 
Methanobrevibacter 
Oval rods or cocci to short 
rods 
positive Not specified Methane, carbon dioxide 
Methanococcus Cocci (irregular, often single) negative H2 /CO2 Methane, carbon dioxide 
Methanobacterium 
Rod shaped (short, curved), 
Sarcina 
negative H2/CO2 Methane, carbon dioxide 
Methanosarcina Irregular spheroid bodies variable acetate /H2/CO2 Methane, carbon dioxide 
Methanothrix Rod shaped (large, sheathed) negative acetate Methane, carbon dioxide 
Methanosaeta Rods variable acetate /H2/CO2 Methane, carbon dioxide 
 
The rate of anaerobic bacteria development depends on the type of substrates used 
(Zieminski and Frac, 2012). If the substrates used are carbohydrates, the rate of bacteria 
generation in acid phase takes place in 5 hours, whereas in the case of the use of lipids, the 
time is prolonged to approximately 72 hours. The generation time in acidogenesis phase for 
bacteria using propionic and fatty acids rages from 84 and 131 hours respectively (Zieminski 
and Frac, 2012).   
In the methanogenesis phase, the bacteria generation time ranges from 15 and 85 hours 
(IIyin et al., 2005 cited in Zieminski and Frac, 2012). This statement concurs with the 
findings of Cavinato, (2011), which stated that the methanogenic bacteria generation time is 
widely varied and depends on the type of substrate used.  The author further stated that the 
generation time ranged from several hours for hydrogenotrophic bacteria, to several days for 
aceticlastic bacteria. 
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3.2.2 Hydrolysis of sewage sludge composition 
Hydrolysis is considered as a first stage of the anaerobic digestion process, where complex 
organic matter (carbohydrates, proteins and lipid) contained in the sewage sludge undergoes 
enzymatic breakdown into simple sugars, amino acids and fatty acids before it enters inside 
the bacteria cell for final utilisation (Speece, 1996; Bidlingmaier and Schmeiz, 2009).  
The sludge components (polysaccharides, proteins and lipids) are hydrolysed by bacteria 
and give rise to short chain monomers or oligomers ( glucose, amino acids, fatty acids and 
glycerol) (Adeny et al., 1991; Angenent et al., 2004).  
Furthermore, the complex organic matter that comprises sewage sludge can be divided in 
three main groups (Gonzalez, 2006; Gray, 2003): carbohydrates, proteins and lipids. The 
degradation and solubilisation process takes place under the catalytic effects of extracellular 
enzymes (exo-enzymes) produced by hydrolytic bacteria (Jiang, 2012) and the end results of 
sewage sludge hydrolysis process are mainly organic acids, hydrogen and carbon dioxide.  
The biological hydrolysis of complex sludge organic matter components is a relatively 
slow process and is generally considered as an overall anaerobic digestion process rate 
limiting process (Gerardi, 2004; Converti et al., 1998 and Panter 2008). This rate limiting 
process is more prevalent where high solid sludge digestion process is practiced, although, the 
hydrolytic bacteria grow and double their population faster than the other anaerobic bacteria 
(Cavinato, 2011). 
The rate of hydrolysis is a function of factors such as pH, temperature, and substrate 
composition, hydraulic retention time (HRT) and sludge particle size (Jiang, 2012).  During 
solid waste anaerobic digestion and hydrolysis process only 50% of organic compound 
(mainly carbohydrates and proteins) undergo biodegradation (Zieminski and Frac, 2012). The 
remaining part of the compounds stays in their primary state because of lack of efficient 
enzymes for their complete degradation (Conrad, 1999; Parawira, 2008 cited in Zieminski and 
Frac, 2012). 
First, a briefly description of the importance of overall anaerobic digestion processes 
including biological hydrolysis of complex sludge compositions such as carbohydrates, 
proteins and lipids are given next and the thermal and other sludge hydrolysis technics used 
will be discussed later. 
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3.3 Anaerobic Digestion Processes 
 
   Introduction 3.3.1
Although several processes such as composting, liming and incineration can be used to 
treat sewage sludge, anaerobic digestion is a dominant sewage sludge treatment process used 
in most developed countries (Moletta, 2006).  According to Hughes et al. (1981) cited in 
Donoso (2012), anaerobic digestion has been used since 1881, and its world-wide use is 
currently gaining momentum. For example, the report by a report by Donoso (2012) shows 
that between 2009 and 2010 water companies in England and Wales benefited from 600 giga 
watt hours (GWhr) of renewable electricity generated from sludge treatment by AD which is 
equivalent to the electricity demand of 180,000 homes (Donoso, 2012)).  
The objective of anaerobic digestion is to destroy the volatile solid and reduce the solid 
mass by removing as much of the volatile solid portion as possible, to produce renewable 
energy, to produce non putrescible, and odour free product, as well as to improve sludge 
dewaterability, and produce a pathogen free digestate (Panter, 2008).  
The desire to produce as much as renewable energy from organic wastes has become the 
current drivers for increased use of anaerobic digestion assets and improved anaerobic 
digestion process efficiency (Fountain, 2009). The anaerobic organic waste digestion process 
efficiency is measured by increased organic matter conversion to biogas, reduced sludge mass 
for disposal and reduced risk to human and animal health.  
It is important to note that, not long ago, sewage sludge was considered as a waste rather 
than resource (Fountain, 2009), but today, sewage sludge is becoming a main feed source for 
anaerobic digestion process and an appropriate choice for anaerobic digestion due to its 
constant (continuous) availability for renewable energy generation, particularly in bigger 
cities and towns of the world. 
Different types of digester applied in anaerobic sludge treatment process are operated at 
three different temperature ranges whose goals are mainly sludge stabilisation and pathogen 
reduction. The anaerobic digesters can be distinguished according to their prevailing 
temperature ranges (Batstone et al., 2002 cited in Zaher, 2005; Liden and Alvarez, 2007) as: 
 Psychrophilic or ambient temperature digestion temperature ranging from 4- 20oC 
 Mesophilic anaerobic digestion temperature ranging from 20 – 40oC 
 Thermophilic anaerobic digestion temperature ranging from 40 – 70oC 
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However, Svensson (2005), classified the anaerobic digestion temperature ranges as being 
mesophilic (25 – 40oC) and thermophilic (>45oC). A similar classification of anaerobic 
digestion rages was cited by Archer (1983) and Fang et al. (1999).  Hence, anaerobic 
digestion is a temperature dependent process, which is normally operated at defined and 
constant temperatures (Liden and Alvarez, 2007).   
The most widely used anaerobic digestion processes are the mesophilic and thermophilic 
anaerobic digestion processes. Compared to mesophilic anaerobic digestion process, 
thermophilic AD is less commonly used and therefore in Section 3.3.2, it is briefly discussed. 
The remainder of this Chapter, after Section 3.3.2 is devoted to digestion in the mesophilic 
range.  
3.3.2  Thermophilic anaerobic digestion of sewage sludge  
Thermophilic bacteria can exist in geothermal waters or hot springs as well as engineered 
condition (man-made environment in anaerobic digesters).  As stated by Gonzalez (2006), the 
thermophilic bacteria action produces exothermic heat that pasteurises the sludge, enhancing 
the degree of sludge organic matter reduction and pathogen kill.  
The optimum temperature for running thermophilic digestion process is 60 
o
C. This 
optimum temperature is particularly conducive for the growth of aceticlastic methanogens, 
‘above which the activity of the methanogens will drastically drop’ (Lu, 2006). In practice, for 
operational security and compliance reasons, the temperature for thermophilic anaerobic 
digestion process has to be set at 55
o
C, just below the optimum temperature range (Ahring, 
2003 as cited in Lu, 2006). 
According to Batstone (2002), thermophilic bacteria can function at a temperature range of 
40
0
C to 65
o
C whereas according to Lu (2006), thermophilic bacteria can function at wider 
optimum temperature range of 60
o
c to 78
o
C. Furthermore, Drawnel (2008) reported that 
thermophilic anaerobic digestion temperature ranged from 45
o
c – 58oC, while Hulshoff- Pol 
(1998) cited in Parawira (2004) reported the thermophilic temperature as range as 42
o
C to 
75
o
C.  
In the word of Davies (2003) as cited in Gonzalez (2006), full scale thermophilic anaerobic 
digestion plants have been successfully used in Germany and Switzerland for over 33 years. 
As a rule, during the thermophilic anaerobic sludge digestion process, the sludge has to be 
subjected to a temperature of 55 
o
C for a period of 4 hours, but the digestion process has to be 
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carried out for a minimum hydraulic retention time of 7 days to achieve the desired 
pasteurisation and sludge stabilisation process standards.  
Thermophilic anaerobic digestion process is a proven treatment option with advantages 
over MAD with respect to pathogen inactivation and potential for treating at higher loading 
rates (Kim and Lee, 2012). However, the final product of thermophilic digestion process often 
requires additional mesophilic anaerobic digestion treatment stage in order to polish out the 
odourous product before the product can be recycling to land.  
Thermophilic anaerobic sludge digestion process achieves volatile solid removal rate 
ranges from 43 to 57% depending on sludge types used (Buhr and Andrews, 1977; Zhao and 
Kugel, 1996; Robert et al., 1998).  
However, in reality the thermophilic anaerobic sludge digestion process plays a minor role 
in sewage sludge stabilisation process because of higher energy cost involved in raising the 
temperature to thermophilic temperature range and particularly its bad odour generation 
capacity (Andrew, 2006; Appels et al., 2008).  For these reasons, mesophilic anaerobic 
digestion process is a widely preferred option. 
3.3.3 Mesophilic anaerobic digestion of sewage sludge   
Mesophilic anaerobic digestion process has an economic and environmental significance 
and can be defined as an engineered biochemical process. According to Chen (2010), 
mesophilic anaerobic digestion plays an important role in wastewater treatment processes and 
it is a biological process typically employed in many wastewater treatment facilities for 
sludge degradation and stabilisation. There have been several studies such as that of Batstone 
et al. (2002) cited in Zaher (2005); Liden and Alvarez (2007); Schnürer and Jarvis (2009); 
and Donoso (2012), which defines the mesophilic anaerobic sludge digestion process 
temperature range as being 20
o
C to 40
 o
C, while Hulshoff- Pol (1998) cited in Parawira 
(2004) reported the mesophilic anaerobic digestion temperature range from 20
 o
C to 42
o
C. 
According to Bidlingmaier and Schmeiz (2009) and Gerardi (2003), however, an 
acceptable working temperature range is reported as 33
o
C to 37
o
C, but, the optimum 
mesophilic digestion temperature currently practiced in the wastewater industry ranges from 
37
o
C to 44
o
C (Fountain, 2009). It is interesting to note that no scientifically agreed upper 
temperature boundary exist for the mesophilic anaerobic digestion process i.e. from the 
majority of authors’ reports above, it is clear that there was no agreed lower and upper ceiling 
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of mesophilic temperature range. This has a significant operational and regulatory impact 
when using the minimum and maximum temperature ranges as one of digestion process 
critical control point (philosophy). 
Mesophilic anaerobic digestion process configurations are a focus of this research and as 
such an in depth and complete description of the processes involved in the mesophilic 
anaerobic digestion processes or systems and factors affecting it are presented in the 
subsequent sections. 
3.4 Factors Affecting the Performance of MAD 
 
In the UK, MAD is the preferred sewage sludge digestion process option. According to 
Hobson (1993), estimated 48% of all sludge generated from wastewater treatment plants in 
the UK treated by mesophilic anaerobic digestion process to produce a final product that is 
stabilised. Just within 15 years, the amount of sludge generated from wastewater treatment 
plants in the UK, treated by mesophilic anaerobic digestion process had risen to 75% in 2008 
(Water UK, 2010). 
Mesophilic anaerobic digester produces biogas used as a renewable energy, compliant and 
odour free final product that is often used by the farming community in the UK as a soil 
conditioner or fertiliser. The consortium of bacteria grows and reproduces in the anaerobic 
digestion environment utilising sewage sludge or any other substrates as their main energy 
source. Therefore, anaerobic digester can be considered as an open system, where material 
input and output takes place. In this system the bacteria are frequently subjected to stress due 
to continued changes in the digestion environment and reduction in bacteria population often 
as a result of washouts (Lu, 2006).  
According to Carlsson et al. ( 2012), considerable efforts had been made to improve biogas 
production via anaerobic digestion process by focusing on the understanding of the associated 
microbiological activities and to optimise environmental conditions, reactor design and the 
substrates used ( Ahring, 2003; Angelidaki, 2004; Apples et al., 2008; Vavilin et al., 2008). 
Substrate focused anaerobic digestion process optimisation has ranged from finding suitable 
substrate and combining substrates (Carlsson et al., 2012) and pre-treating  of the substrates to 
make them more amenable to anaerobic digestion process. 
As mentioned above, during the anaerobic digestion process the bacterium generate energy 
through a controlled conversion of substrates constituents inside the bacteria cell. Before the 
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substrates conversion takes place inside the bacterium cell, the transport of the substrates from 
the outside environment to the cell membrane is necessary (section 3.2).  
The growth of bacteria during sludge digestion time is slow and in this circumstance, to 
overcome these inherent disadvantages of the low methanogenic bacteria growth rate, 
recourse is made to retaining in some way the methanogenic bacteria for longer than the 
hydraulic retention time. This can be done by re-introducing some of the digested sludge as a 
seed to boost the microbial population back into the digester via the sludge feed line.  
Improved anaerobic digestion can only be achieved if the environmental factors affecting 
the anaerobic digestion process are known and kept within required range. One of the 
important environmental factors is a digester temperature. Therefore, the following section 
looks at the impact of temperature on anaerobic digestion process. 
3.4.1 Temperature 
Temperature control is critical for the microbiology of anaerobic digestion processes since 
bacteria are not capable of regulating their own temperature (Donoso, 2012). The digester 
temperature has an important effect on physicochemical properties of the sludge feed 
components during its digestion process (Apples et al., 2008).  The bacteria are adapted into 
three ranges of temperature: Psychrophilic range (4
o
C to 15
o
C), mesophilic range (20
o
C to 
40
o
C) and thermophilic range (45
o
C to 70
o
C), hence, the digester temperature influences the 
type of sludge digestion process used, the bacteria growth rate, metabolism and the overall 
digester bacteria population dynamics.  
Maximum growth occurs at an optimum temperature within the range and bacterial growth 
is null at temperatures outside the range. Therefore, anaerobic digesters operate at optimal 
temperatures to ensure maximum substrate degradation rates. However, according to HACCP 
report of March 2004, a typical recommended operational mesophilic temperature range, that 
Water companies should monitor and adhere to as their digestion process compliance Critical 
Control Point (CCP) is 32
o
C to 36
o
C ( WRc Ref: UC6332/3, 2004). Whereas, the rate of 
biochemical reactions in anaerobic digestion process increases as temperature increases, thus 
the rate of sewage sludge stabilisation also increases (Tchobanoglous et al., 2003; De Lemos 
and Carlos, 2007; Appels et al., 2008 and Donoso, 2012). Therefore, the regulatory based 
recommended digester temperature only favours the compliance side of the anaerobic 
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digestion process and ignores the maximum renewable energy generation requirements for 
higher mesophilic temperature range of 40
 o
C – 42oC. 
According to Chen and Zhou (2001), enzymatic activity is dependent on the temperature in 
the same way as that of the chemical catalysts, except that there is an optimum temperature of 
the enzymatic reaction above which the activity decreases due to the denaturation of the 
enzyme protein.  
The same authors studied the activity of the immobilized enzyme as a function of 
temperature using UV spectrophotometer and ONPG as the substrate and showed, that the 
maximum activity for the immobilized β-galactosidase is obtained at about 50◦C, compared to 
around 40
o
C for the native enzyme reported previously (Chen and Zhou, 2001). The results in 
Figure 3.4 demonstrate that the immobilized enzyme has increased temperature tolerance. The 
increase in optimum temperature may be due to diffusional effects: the immobilized enzyme 
can be more easily contacted by the substrates with the increase of the bulk temperature (Chen 
and Zhou, 2001). 
 
 
Figure (3.4)   Effect of temperature on the enzyme activity. 
Where, () the activity of free enzyme by lactose hydrolysis, () the activity of immobilized enzyme by 
absorbency (adopted from Chen and Zhou, 2001) 
It is important to maintain a stable operating temperature in the digester, since sharp or 
frequent fluctuations in temperature affect the bacteria, especially the methanogens (Apples et 
al., 2008). Process failure can occur at temperature changes in excess of 1
o
C per day, 
therefore changes in temperature more than 0.6 
o
C per day should be avoided (Turovskiy and 
Mathai, 2006 cited in Apples et al., 2008). 
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3.4.2  Digesting sludge pH content 
The active digesting sludge acidity, neutrality or alkalinity state is often measured by the 
pH value and it shows the environment where the bacteria function. The acidic or alkaline 
environment in the digester can influence the bacterial growth and survival indirectly such as 
by changing the properties of excreted enzymes or indirectly for instance by activating toxic 
compounds in the medium (De Lemos, 2007; Donoso, 2012). According to Sindall (2014) 
different microorganisms have different optimum operating pH. The change in pH can have 
an effect on the products of fermentation. At low pH, the main products are acetic and butyric 
acid and at a pH of 8.0, the main products are acetic and propionic acid. The microorganisms 
involved in methanogenesis are more sensitive to pH, with an optimum range of pH 6.8 - 7.2 
(Apples et al., 2008 cited in Sindall, 2014). 
Drop in digester pH is caused by accumulation of volatile fatty acids (VFAs) and carbonic 
acid formation (dissolved in solution CO2 as a by-product of fermentation process).  
Each group of anaerobic bacteria is adapted to different pH ranges. The fermentative group 
can operate at a pH range of 4 to 8 or 8.5 (Sindall, 2014; Donoso, 2012; Apples et al., 2008), 
whereas methanogens are adapted to a narrow range with an optimum pH between 6.8 and 
7.2. Therefore, the currently held view is that the optimal pH for anaerobic digestion is in a 
range closer to neutral pH of 7, where maximum methane yield is achieved (De Lemos et al., 
2007; Donoso, 2012).  
Furthermore, Svensson (2005) suggested that in a properly functioning anaerobic digester, 
the pH is around 7, since the slow growing acetogens and methanogens have their optimum 
pH in that range (Svensson, 2005). If the pH decreases, the degree of volatile fatty acid (VFA) 
protonation increases. In its non-ionised form, the VFAs can penetrate the lipid cell 
membranes, disturbing the metabolism by turning the intracellular pH acidic (McCarty and 
McKinney, 1961 cited in Svensson, 2005). A drop in pH might occur as the result of digester 
substrate overloading, leading to an accumulation of VFAs that is so large that the buffering 
capacity of compounds with higher pKa such as ammonium and carbonates, are limited.  
Carbonic acid has a pKa of 6.3. Ammonium, on the other hand, has a pKa of 9.3. The non-
ionised free ammonia, present at higher pH level and high total concentrations of ammonium, 
can enter the lipid cell membranes freely, and disrupt the pH stability of the cell (Braun et al., 
1981 cited in Svensson, 2005).  
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The bacteria cell metabolism depletes the levels of VFAs in close proximity to the cells, 
creating a motive force for the surrounding VFAs to diffuse in that direction, a concentration 
gradient thus forming in the stagnant layer surrounding the cells. Liquid convection decreases 
the thickness of the stagnant layer surrounding the cells. In addition, diffusion rates are higher 
in free liquids than in moist solids (Svensson, 2005). However, under steady state, the bacteria 
have the ability to acclimatise themselves and function well even in high ammonium 
concentration condition. 
Laboratory-scale studies have used a lower pH limit of 5.5 to consider anaerobic digester 
failure (Donoso, 2012).  A pH above 6.8 has been considered as a safe for the operation of 
full-scale digesters (Bjornsson et al., 2001; Donoso, 2012). Currently, these held views of 
methanogenic bacteria can only function within narrow pH range of 6.6 to 7.2 have been 
challenged with reason. Shana et al. (2011and 2012) showed that methanogens can function at 
wider pH range of 7.0 - 8.8 without any detrimental effect on the overall anaerobic digestion 
process. 
3.4.3  Digesting sludge alkalinity content 
During sludge digestion process mostly ammonium bicarbonate alkalinity is generated 
from the degradation of proteins. Mostly sludge feed containing significant amount of 
activated sludge does not require the addition of alkalinity, VFA concentration of 2000 to 
5000 mg per litre required to regulate the optimum pH levels (Tchobanoglous et al., 2003 
cited by Donoso, 2012). Alkalinity is expressed as concentration of calcium bicarbonate, that 
provides the buffering capacity to counter the pH drop caused by carbonic acid formation 
during the solubilisation of gas phase CO2 and the generation of VFAs and H2 as a result of 
organic matter fermentation. Thermally hydrolysed sludge anaerobic digestion process often 
produces between 6000 – 8500 mg/l alkalinity (Shana et al., 2011; Shana et al., 2012).  
3.4.4  Digesting sludge volatile fatty acid content 
Volatile Fatty Acids (VFA) are easily biodegradable substrates. In anaerobic process they 
are the intermediate products between the main processes: acidogenesis, acetogenesis and 
methanogenesis (Zaher, 2005). High solid load anaerobic digestion processes often produces 
high VFA concentration ranging from 500 – 3000 mg/l, and the anaerobic digestion process 
still functions well due to high buffering capacity of the simultaneously available alkalinity in 
the range of 5000 – 8000 mg per litre. Therefore, high VFA levels in the anaerobic digestion 
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process does not yield high risk of digestion process failure as long as there is enough 
alkalinity in the system to buffer the acidity and maintains the pH ranged from 6.7 – 8.6.   
The type of VFA produced by anaerobic bacteria depends on the substrate type (Jordening 
and Winter, 2004 cited in Zaher, 2005). The acidification of Long Chain Fatty Acids (LCFA) 
by anaerobic bacteria leads to VFA in the form of acetate only. The acidification of 
monosaccharaides by anaerobic bacteria on the other hand produces acetate C2, propionate C3 
and butyrate C4. Thermodynamically, the production of C2 by anaerobic acidifying bacteria is 
more favourable than C3 and C4. Thus, for well-established sewage sludge anaerobic digestion 
process that predominantly contained   carbohydrates, it is expected that acetate will be the 
highest proportion of VFA (Zaher, 2005).  
Under stress conditions to anaerobic digestion process, propionate and butyrate 
concentrations are expected to increase.  For example, at high hydrogen concentration more 
propionate is produced (Bjornsson et al., 2001 cited in Zaher, 2005). Sewage sludge 
containing predominantly proteins yield acetate, butyrate, valerate (C5) and propionate when 
anaerobically fermented. 
Studies have suggested VFA concentration as an indicator of AD stability (Ahring et al., 
1995). VFAs are not inhibitors to methanogens, but excessive VFA may show imbalance 
between the rate of fermentation and methanogenesis in AD. Experiments have used different 
criteria for assessing the balance in AD based on absolute values of VFA and alkalinity. 
According to Gallert and Winter (1997); Song et al. (2004) the buffering capacity of 
anaerobic digestion process was sufficient when the VFA –to – alkalinity ratio was less than 
0.4. Similarly, Zhao & Kugel (1996) reported good anaerobic digestion process performance 
when the VFA –to-alkalinity ratio was less than 0.4. 
However, fluctuations in VFA concentrations can indicate about pending perturbations in 
the process and lack of buffering capacity (Ahring et al., 1995; Kim et al., 2002), but Horan et 
al. (2004) reported stable digestion process at maximum VFA concentration of 200 mg L
-1
 of 
VFA, above which the digestion process could experience setbacks. It was found that the 
higher concentration of VFA in Thermophilic Anaerobic Digestion (TAD) compared to MAD 
does not indicate the existence of digestion process instability but it shows a relative 
difference between the fermentation and methanogenesis rates (Kim and Lee, 2012). 
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3.4.5  Digester mixing  
Proper provision of anaerobic digester mixing is essential for achieving an optimum 
sewage sludge digestion process performance (Apples et al., 2008). Digester mixing provides 
intimate contact between the feed sludge and active bacteria population, yielding uniformity 
of temperature, of substrate concentration, physical and biological aspects throughout the 
digester. Digester mixing prevents the formation of excess surface scum layers and the 
deposition of sludge on the bottom of the tank.  
Generally, due to the rise of gas bubbles and the thermal convection currents created by the 
addition of heated sludge, there is always some degree of natural mixing in the digestion tank. 
However, this is not sufficient enough for smooth and robust running of sewage sludge 
digestion process and the provision of an auxiliary mixing is required, particularly when the 
sludge feed dry solid is more than 2 percent. These auxiliary mixing methods used are 
external pumped recirculation, internal mechanical mixing and internal gas mixing (Igoni et 
al., 2008; Tiehm et al., 2001 and Apples et al., 2008). 
External pumped recirculation: It requires large amount of the digesting sludge 
withdrawal from the centre of the digester and pumped through external heat exchangers 
where the digested sludge is blended with the raw sludge and heated. It is then pumped back 
in the digestion tank through nozzles at the base of the digesters or at the top to break the 
scum (Qasim, 1999; Lue-Hing, 1998) or suppress foaming. The flow rate in the recirculation 
should be very large for ensuring a complete mixing of the tank which limits the sole use of 
this method of mixing. This method of mixing also suffers from frequent blockage by rags; 
impellers wear from grit and bearing failures (Turovsky and Mathai, 2006; Lue-Hing, 1998). 
Internal gas mixing: this is a successful method of mixing the digester content. Gas 
mixing systems can be unconfined and confined.  In unconfined systems, the gas is collected 
at the top of the digestion tank, compressed and then released through a pattern of diffusers or 
a series of radially placed lances suspended from the digester cover. The digester content is 
mixed by releasing gas bubbles that rise and push the sludge to the surface. In this method of 
mixing process, the scum has to be controlled as it causes roof fracture and gas surging. The 
gas flow requirement for unconfined system is 0.0045 – 0.005 m3 /m3 min (Turovsky and 
Mathai, 2006).   
Internal mechanical mixing systems: These mixing systems generally use low-speed flat-
blade turbines.  The sludge is transported by the rotating impellers, thus mixing the content of 
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the digestion tank. The mechanical pumping action is provided by centrifugal pumps, 
generally set up in an internal or external shaft tube to support vertical mixing. Mixing is 
supported by the circulation of the sludge. These systems are most suited for digesters with 
fixed covers (Metcalf & Eddy, 2003; Qasim, 1999; Turovsky and Mathai, 2006). 
3.4.6 Substrate loading rate 
The Organic Loading Rate (OLR) is also used to size digesters and is commonly measured 
as the mass of volatile solids fed per unit of reactor volume per day. The ORL is proportional 
to the concentration of solids in the inflow and inversely proportional to the SRT. Low ORL 
leads to poor efficiency of the process and too high loading rate may lead to bacteria washout 
(short SRT). In MAD, OLR is generally set at 1.6 to 4.8 kg VS m
-3
 d
-1
 and SRT at 15 to 20 d. 
Similarly, improving hydrolysis potential with thermal pre-treatment or TAD leads to higher 
ORL rate (4.5 to 6 kg VS m
-3
 d
-1
) (Tchobanoglous et al., 2003; Appels et al., 2008). 
3.4.7 Digester solid and hydraulic retention time 
Solids Retention Time (SRT) is an important factor to ensure that microorganisms have 
sufficient time to substantially complete the four stages of AD process i.e. hydrolysis, 
acidogenesis, acetogenesis and methanogenesis. The SRT is the average time the solids spend 
in the digester. The digestion process is a function of the time required by bacteria to digest 
the sludge feed organic matter content (Apples et al., 2008) and some endogenous respiration 
to take place.  
In anaerobic digestion process where the supernatant is not withdrawn or recycled, the 
SRT is equal to the Hydraulic Retention Time (HRT). The shortest time of SRT for a 
conventional Mesophilic Anaerobic Digester (MAD) with a temperature of 35
o
C is 10 days. 
This prevents washout of the beneficial bacteria population in the digester (Appels et al., 
2008). When the SRT is >10 days, the organic matter breakdown curve stabilises and the 
breakdown of lipids in the sludge composition starts and the VFA concentration starts to 
reduce. It is recommended to know the design SRT to optimise the digestion process and for 
smooth running of the anaerobic digestion process. Minimum design SRT for MAD is 10 
days. Uniform digester feeding is very important, and the sludge should be fed at regular 
intervals to help maintain steady state condition in the digester and reduce the risk of shock 
loading (Appels et al., 2008). The methanogens are very sensitive to sudden sludge shock 
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loading (Metcalf & Eddy, 2003; Qasim, 1999; Turovskiy and Mathai, 2006 cited in Apples et 
al., 2008). 
Sludge solids need to be held in the digester for long enough time, for all the reactions of 
AD (hydrolysis, fermentation, acetogenesis and methanogenesis) as well as appropriate 
pathogen inactivation to take place (Donoso, 2012). Short SRT can mean the removal of 
bacteria biomass at a faster rate than growth in the reactor causing washout of bacterial 
communities. Each time when sludge is removed from the digester, a fraction of bacteria 
population is removed thus implying that the cell growth must at least compensate the cell 
removal to ensure steady state and avoid process performance reduction or total failure 
(Turovskiy and Mathai, 2006 cited in Apples et al., 2008).  
The HRT is the average time the liquid sludge is kept in the digester. In MAD adequate 
conversion of sludge organic matter can be obtained from 10 days onwards, although SRT of 
15 days is more common for complying with sludge stabilisation, biogas yield and pathogen 
inactivation standards. According to Tchobanoglous et al. (2003), improved stabilisation rates 
through thermal pre-treatment can reduce the SRT requirements. 
3.4.8 Sludge composition and quality 
The important factor in sludge digestion process is the bio-availability of the substrate to 
the bacteria and its conversion to biogas (Schnürer and Jarvis, 2010). The various components 
of organic matter (Carbohydrates, Proteins and Lipids) in SAS and primary sludges have 
different contents and therefore generate varying amounts of gas of variable methane content. 
Since the bacteria that are active during anaerobic decomposition use very small amount of 
energy for their own growth, the majority of the available energy in the substrate becomes 
biogas. When calculating the biogas produced per tonne of volatile solid fed or destroyed, it is 
important to note that there are many factors affecting the final degree of degradation and 
hence the amount of biogas produced.   
First, some of the energy available in the substrate is used for production of new cells 
(biomass), which is new bacteria mass, and hence all of the energy available in the substrate is 
not used for the production of biogas. Second, not all substrates in the fed to the continuous or 
semi-continuous digester are fully digested due to withdraw and feeding cycle involved; and 
mixing of new fed sludge with old digested sludge creating some proportion of the new feed 
to be withdrawn in partially digested state. Besides, when the steady state of sewage sludge 
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digestion process was established, during conventional mesophilic anaerobic digestion 
process, only 35- 45 % of the volatile solid fed is degraded, even with sludge pre-treatment 
applied this can only be stretched up to 60% volatile solid destruction. This means significant 
proportion of the volatile solids in the substrate remains unchanged. Therefore, even if the 
digestion process worked very well, the amount of biogas obtained from real digestion 
process will not match the potential or theoretical amount of calculated   biogas (Schnürer and 
Jarvis, 2010).   
3.5 Types of Anaerobic Digesters 
 
The anaerobic digesters are often categorized as two-stage, and batch systems.  Batch 
systems are the lowest-tech systems and the cheapest, but they have many disadvantages, such 
as large footprint and a lower biogas yield due to clogging etc. They have a high potential for 
application in developing countries. 
Two-stage anaerobic digester systems are the most complex, and most expensive, of all 
systems. The two tanks used in the two-stage anaerobic digestion system may be identical, but 
the first tank is heated and equipped with mixing facilities and is used as a primary digestion 
tank, while the second digester is unheated and is only used for as a secondary digester,  
storage (Metcalf & Eddy, 2004) tank. The efficiency of anaerobic digestion plant is directly 
related to the type of system installed and the way it is managed. Simple plants are easy to 
design but are less efficient and require careful monitoring, while complex plants are designed 
to detect errors and warn operators, thus making them more efficient.  
The following paragraph describes a single stage anaerobic digestion process, normally 
operated in the mesophilic range (30-40°C); thermophilic digesters have been used only in 
limited applications (Metcalf and Eddy, 2004), although they present advantages such as 
increased solid destruction capability or improved sludge dewatering, they also have 
significant limitations, such as higher energy requirements for heating, a lower quality 
supernatant with large quantities of dissolved solids including higher odour potential and less 
process stability (Appels et al., 2008). 
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3.5.1 Single stage anaerobic digester 
During single-stage digestion process, the four anaerobic biochemical digestion phases 
(hydrolysis, acidogenesis, acetogenesis and methanogenesis) are not separated in time or in 
space, rather they occur simultaneously in one reactor. Main advantages of this type of plants 
are simplicity, operational ease and low investment costs. Nevertheless they have the 
disadvantage of a lower biogas output in comparison to multi-stage digesters (Inman, 2004). 
In the course of sludge digestion process, the digester is mixed by a gas recirculation, 
pumping, or draft-tube mixers; also, the sludge is heated to achieve optimum digestion rates 
(Metcalf & Eddy, 2004). In this type of digesters, loading rate is in a range of 1.6 to 4.8 
kg/m
3day (of VS) with retention time in the order of 14 to 28 days (Verma, 2002). Besides, 
the performance of single-stage system is as good as that of two-stage system, provided the 
reactor is well designed and the operating conditions are carefully chosen. 
3.5.2  Two stage anaerobic digester  
In the past, this type of digesters are not very common, the digester configuration is 
composed of a high rate digester coupled in series with a second tank. However, since, 1998, 
when the pathogens kill became a requirement for a safe land disposal of biosolids; two stage 
anaerobic digesters become a norm in the UK. The two tanks may be identical, but the first 
digester is heated and equipped with mixing facilities, is used for primary digestion, the 
second is usually unheated and is only used for sludge secondary storage (Metcalf & Eddy, 
2004). According to Inman (2004), two-stage AD processes can also improve digestion by 
separating the different stages of AD into two separate reactors (Acid phase digestion 
followed by CMAD), providing flexibility to optimize each of these reactions. In the first 
reactor, hydrolysis, acidogenesis and acetogenesis occur, whereas methanogenesis takes place 
in the second reactor. The rationale behind two-stage systems is that the overall conversion 
process from the raw sludge to biogas is mediated by a sequence of biochemical reactions 
which do not necessarily share the same optimal environmental conditions. Therefore, 
optimizing these reactions by separating in space and time, the hydrolysis and 
methanogenesis phases, may lead to a larger overall reaction rate, enhanced biogas yield and 
make the process safer to operate. 
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3.5.3  Batch anaerobic digester 
 In batch systems, the reactor is loaded once and discharged when complete anaerobic 
process takes place. These types of reactor are extremely simple and they may be considered 
as no more than a landfill-in-a-box; in fact, they function similar to a landfill, but they have 
two basic features which allow batch digesters to achieve a biogas yield between 50 and 
100% higher than landfills: higher temperatures and continuous leachate recirculation 
(Vandevivere et al., 1999 cited in Verma, 2002 and Themelis, 2002). Another advantage of 
batch fermentation is the possibility to recover recyclables and other materials after the 
anaerobic fermentation is completed. However, extra safety measures must be taken to avoid 
explosions when discharging the reactor after the digestion process is complete. Up to now, 
batch systems have not succeeded in taking a substantial market share. However they still 
represent an attractive process for developing countries, due to their simple design, robustness 
towards coarse and heavy contaminants, and, moreover, low investment costs. 
3.6 Sludge Pre-treatment Methods 
 
 Introduction 3.6.1
Anaerobic digestion has long been used for the stabilising of organic matter such as 
sewage sludge and manure, and has increasingly been applied in the production of biogas. 
Anaerobic digestion of substrates is nowadays broadened to include several types of waste 
and dedicated crops (Carlsson et al., 2012). Biogas production via anaerobic digestion has 
been continuously developed since the energy crises of 1970s and commercial use of 
anaerobic digestion system during1980s (Ecke and Lagerkvist, 1997 cited in Carlsson et al., 
2012). Pre-treatment methods used to improve anaerobic digestion process efficiency have 
been the focus of a large number of scientific studies over the last 30 years (Neyens and 
Baeyens, 2003; Carlsson et al., 2012). Anaerobic digestion process improvement in terms of 
increased biogas yield and solids reduction are well established advantages of such pre-
treatments. The substrate inherent anaerobic digestion limitation can be overcome by specific 
pre-treatment methods applied (Carlsson et al., 2012). 
In the field of sludge treatment, the terms pre-treatment, co-treatment, disintegration and 
hydrolysis usually refer to processes which are combined with the main biological sludge 
treatment process (Carrere et al., 2010). The overall objective of the combined treatment is to 
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remove organic matter and water, hence reducing volume and mass, removing degradable 
materials, which prevent odours and vectors attraction, pathogens transmission, hence remove 
pathogens (Carrere et al., 2010).  
In this regards, over the last eighteen years, a variety of innovative biological, thermal and 
mechanical pre-treatment or co-treatment technologies have emerged claiming to optimise 
anaerobic digestion (Riches, 2010). Co-treatment processes aim at enhancing the main 
anaerobic digestion process by altering physical or chemical properties of the sludge. As 
shown in Figure 3.5, pre-treatment and co-treatment processes may change either of these 
properties, and can be installed in a number of locations in the treatment plant or could be 
used in different configuration scenarios (Carrere et al., 2010). The arrow with question mark 
after the anaerobic digestion step in Figure 3.5 indicates the position of post digestion sludge 
treatment which is the subject of this PhD research programme. The pre-treatment effects on 
substrates fed to anaerobic digestion process are complex and generally linked to substrate 
characteristics and pre-treatment mechanisms (Carlsson et al., 2012). Overall, substrates 
containing Lignin or bacterial cells appear to be the most amenable to pre-treatment for 
enhanced anaerobic digestion process. 
According to Bougrier et al. (2006) cited in Li et al. (2013) the hydrolysis of sewage 
sludge particles is recognised as the rate limiting step. Therefore, many disintegration 
technologies have been applied in order to accelerate the hydrolysis process or the rate of 
degradation with in fixed time. The disintegration technologies used involve (Li et al., 2013): 
 Thermal treatment (Bougrier et al., 2008; Apples et al., 2010; Nielsen et al., 2011), 
 Mechanical treatment ( Nah et al., 2000) 
 Chemical treatment  (Lin et al., 1997; Navia et al., 2002; Devlin et al., 2011; Li et al., 2008) 
 Ultrasonic treatment (Neis et al., 2000; Hogan et al., 2004; Kim and Lee, 2012) 
According to these authors, the above mentioned treatment methods are effective for the 
anaerobic digestion of excess sludge or its mixture with primary sludge, because such 
methods can disrupt cell walls and Zooglea in excess sludge. Nevertheless, when the influent 
sludge of anaerobic digesters is mainly composed of primary sludge, the effect of pre-
treatments may be limited because many organic substances in primary sludge are easily 
dissolved and bio-utilized during normal anaerobic digestion process. Under these conditions, 
disintegration methods may be applied to partially-digested sludge extracted from digesters, 
rather than to the influent sludge.  
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Figure (3.5)  Potential locations for sludge co-treatment and pre-treatment in a conventional 
wastewater treatment plant (Carrere et al., 2010 with minor modification). 
Where, T1: shows co-treatment on activated sludge process, T2: shows co-treatment on activated sludge 
recirculation loop, T3: shows pre-treatment of primary sludge before anaerobic digestion, T4: shows pre-
treatment of waste activated sludge before anaerobic digestion, T5: shows pre-treatment of mixed sludge before 
anaerobic digestion, T6: shows co-treatment on the anaerobic digester recirculation loop (source: Carrere et al., 
2010) and the arrow with question mark begs for additional innovative processes solutions yet to come. 
? 
  
 53  
 
During semi-continuous anaerobic digestion process, the degradation of organic matter 
slows down gradually after the influent sludge is fed into digesters i.e., most organic 
substances are degraded during the first half of a digestion cycle (time lapsed from feeding 
time), and the production of biogas is very limited during the second half of the cycle – with 
the result that, at the end of the process, there are still some biodegradable organic substances 
remaining inside microbial cells and anaerobic sludge particles. These organic substances can 
be released by pre-treatment methods, thus enhancing the subsequent anaerobic digestion 
process. This means that the partially-digested sludge can be extracted from digesters, 
disintegrated and then returned back to the digesters. Thus, instead of pre-treatment of 
influent sludge, the treatment of partially-digested sludge can be regarded as a useful post-
treatment method for improved anaerobic digestion process. 
3.6.2  Thermal pre-treatment 
The historical developments in thermal treatment processes is shown in Figure 3.6 
indicating a change of emphasis from improved dewatering ability to digestibility in terms of 
process and goals through time (Panter, 2008). 
 
 
Figure (3.6)  Historical timeline on sludge thermal pre-treatment technologies development 
(Panter, 2008). 
 
Heat treatment is a well-known and effective method for destroying pathogenic organisms, 
and it has been applied successfully for disinfecting sewage sludge. Pasteurisation at 70
0
C for 
30 to 60 minutes destroys pathogen in digested sewage sludge (EPA, 1978). Afterwards, the 
sludge has to be digested under Mesophilic anaerobic conditions. The effects of increased 
retention time in the thermal reactor are to increase the solubilisation of COD and to degrade 
fibrous material in the sewage sludge (EPA, 1978). Thermal pre-treatment of sewage sludge is 
a technology that has been utilized since the early twentieth century.  Sludge may be 
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subjected to high temperatures under pressure for any of several purposes such as destruction 
of pathogenic organisms, improvement of sludge dewatering, or, with air addition, partial or 
complete oxidation (EPA, 1978). In thermal treatment processes, initially heat was not seen as 
a method of pasteurisation or as a way of improving anaerobic digestion but as a means for 
improving sludge dewatering ability.  
A review of the literature shows that up to the late seventies improved sludge 
dewaterability was the major emphasis for the use of thermal treatment (Camacho, 2008) and 
was the main reason for building hydrolysis plants. The range of working temperatures used 
during thermal hydrolysis was between 200 and 250
o
C. Heat treatment resulted in increased 
sludge cake dry solids content to 50% (Kepp et al., 2000; Gonzalez, 2006). Thermal treatment 
is normally used as a conditioning process for raw or digested sludge.  
Figure 3.7 shows a schematic of the Zimpro process (Felch and Howdeshell, 2007). In the 
continuous process, the sludge is passed through a grinder which reduces the sludge particle 
size to less than about ¼ inch (0.6 cm). Wet air oxidation process (Zimpro) is a process that 
uses heat and pressure to oxidise organic matter. The process is applied prior to sludge 
dewatering (Haug et al., 1978). High temperature pre-treatment technologies such as Zimpro 
and Porteus were developed during the late sixties and early seventies working typically about 
200 – 250oC for improved sludge dewaterability (Camacho et al., 2008) purposes.  
 
Figure (3.7) Zimpro process configurations (Felch and Howdeshell, 2007). 
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Throughout the 1970s and 1980s numerous studies were conducted to determine the effects 
of thermal treatment on sludges digestion process. During these periods reducing digester 
volume and sludge digestion retention time had become additional drivers for the further 
development of thermal hydrolysis plant. In the mid-1990s a new THP process entered the 
market under the name of Cambi™.  Bougrier et al. (2006) conducted several studies on 
thermal hydrolysis process that are especially concerned with the effects on the proteins, 
lipids and carbohydrates contained within the sludge floc and bacterial cells (Bougrier and 
Delgenes, 2007). In one of these studies these authors found that the carbohydrates that are 
contained in the exocellular polymeric substances (EPS) are hydrolysed at lower 
temperatures, whereas proteins, which are typically intracellular, required a higher 
temperature to be released by thermal hydrolysis process.  
The degree of secondary sludge solubilisation during thermal hydrolysis depended on the 
pre-treatment temperature (Voalo et al., 2004).  These researchers concluded that anaerobic 
digestion with pre-treatment at elevated temperature alone is beneficial over the combined 
chemical and low temperature treatment as chemical addition is costly and can result in solid 
precipitation. The temperature and duration of thermal sludge pre-treatment required 
achieving satisfactory solubilisation depends on the nature of sludge and, in particular, on the 
primary to secondary sludge ratio. The greater the sludge proportion of biological sludge, the 
greater the intensity of pre-treatment required for achieving enhanced solubilisation (Gavala 
et al., 2003 cited in Elliot and Mahmood, 2007). 
Research showed that not only dewatering ability of sludge might be enhanced by thermal 
treatment but also its digestibility. Enhancement of sludge digestibility through thermal 
hydrolysis is achieved by the solubilisation of organic matter, produced by the disruption and 
hydrolysis of bacterial cell walls. The cooked cells are opened due to pressure difference 
releasing the intercellular matter. Consequently, the internal bacterial components become 
easily available for biological degradation (Kepp et al., 2000). Sludge volatile solids 
destruction was reported to increase up to 60% through thermal hydrolysis (Panter and Weisz, 
1997). 
Although, thermal pre-treatment was first introduced to improve sludge dewaterability, it 
has been found that it also enhances substrate biodegradability, hence the implementation in 
numerous full-scale plants are in operations to date (Appels et al., 2008; Carrère et al., 2010; 
Carlsson et al., 2012). Thermal pre-treatment is typically a batch process of heating sludge for 
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a certain duration at ‘low’ temperatures (<100°C) or ‘high’ temperatures (>100°C). High 
temperature thermal pre-treatment typically requires 160-180°C for 30-60min. Cambi AS 
(Norway) and Veolia (France) are examples of companies that have successfully implemented 
full-scale high temperature pre-treatment systems.  
In 1995 at HIAS WWTP (Norway), Cambi implemented a type of thermal pre-treatment of 
sewage sludge that functioned under high temperatures and high pressure. This is now known 
as the thermal hydrolysis process (THP) (Carrère et al., 2010). As any thermal pre-treatment, 
THP denaturalises cell proteins using high temperatures making them easier to biodegrade, 
although this effect is not affected with time of pre-treatment (Donoso-Bravo et al., 2010). 
The main mechanism of cell rupture to improve biodegradability in THP is steam explosion 
where cells are physically torn apart and their contents are released and solubilised as water 
within the cells instantly passes from liquid to vapour state as it is transferred from a 
pressurised reactor to a flash tank at low pressure (Liu et al., 2002; Donoso-Bravo et al., 
2010).  
 According to several authors (Tchobanoglous et al., 2003; Apples et al., 2008 cited in 
Dazza, 2012) reported that improved sludge stabilisation rates through thermal pre-treatments 
can reduce longer digester HRT requirements. 
Overall, MAD fed with THP pre-treated sludge is reported to have positive impacts on 
sludge processing, although the magnitude of improvement can vary. For example, the 
advantages on solubilisation are more apparent for SAS than for primary sludge which is 
readily biodegradable without pre-treatment. The combination of THP with MAD has been 
considered as one of the most successful and effective advanced sludge pre-treatment 
processes driving the highest reductions in carbon emissions due to increased energy 
recovery, improved dewaterability, and associated reductions in number of haulage for 
transporting the digestate (Panter, 2008). During thermal hydrolysis of sewage sludge proteins 
(SAS constituents) were significantly degraded at high temperature of 170
o
C and 
ammonification of proteins increased sharply at 170
o
C (Wilson et al., 2009). The thermal 
hydrolysis process opens up the bacteria cell and makes its cell contents biodegradable 
(Krauss, 2011; Panter, 2008).  
Figure 3.8, compares the impact of thermal hydrolysis plant on the bacteria cell with that 
of untreated sludges.   
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Figure (3.8) Gram staining of thermally hydrolysed sludge samples (Chertsey STWs, Noel 
and Shana, 2006). 
Where, a represents feed sludge before hydrolysis, b represents hydrolysed sludge and c represents digested 
sludge. 
 
Figure 3.8 show that the thermal hydrolysis process can cut the bacteria cell into small pieces. 
The thermal hydrolysis process increased the bacteria cell surface area and released their cell 
contents making it ready for their subsequent uses by anaerobic bacteria. 
3.6.3 Mechanical pre-treatment 
Limited literature has been found in the area of mechanical disintegration of digested 
sludge and re-digestion process. Sundin (2008) conducted work using mechanical 
disintegration of digested sludge to investigate whether the disintegration process could 
increase the anaerobic degradability. This author reported that the most beneficial way of 
using the mechanical disintegration is to treat sludge, which is difficult to degrade in the 
anaerobic digestion process, either by treating the biological excess sludge proportion of 
sludge feed or digesting sludge itself directly on the circulation line. This author also reported 
that a mechanical disintegration of the digesting sludge achieved a 9% increase in the total gas 
production and recommended that the disintegration of digesting sludge could be applied in 
the recirculation flow of the second digester (Figure 3.9). 
a b c 
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Figure (3.9) Digester configurations at Kappála STW in Sweden (Sundin, 2008). 
 
 Chemical pre-treatment 3.6.4
Pavlostathis and Gossset (1985) as discussed in Lin et al. (1999) have explained that the 
addition of alkaline to sewage sludge increases its solubilisation. Several sludge pre-treatment 
studies have been carried out to investigate the increase in solubilisation and digestibility of 
sewage sludge with sodium hydroxide. 
 Lin et al. (1997) have mentioned an increase of 50 – 60 % in the soluble fraction of waste 
activated sludge when pre-treated at room temperature and these authors also showed an 
increase in gas production between 29 and 112 %, and increase in removal of COD by 36.8 %.  
However, to obtain a high biological degradation and to avoid formation of refractory 
compounds using this method, the dosage of chemicals has to be maintained at low levels 
(Penaud et al., 1999). 
The use of sodium hydroxide in combination with other pre-treatments has been also 
studied.  Penaud et al. (1999) have heated at 140
o
C the sludge treated with alkali (pH = 12) 
for 30 minutes. The degree of hydrolysis increased by 116 % (from 37 to 80%) at sodium 
hydroxide dosage of 200  meq l 
-1
, and by 12,9 % (from 75.4 to 85.1 %) with dosages of 1,135 
meq l 
-1
 . Biodegradability increased 163 % at the former condition and decreased as the alkali 
dosage increased, reaching the lowest value (less than 5 % of digestibility) for the latter 
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dosage. This indicated that no improvement in digestibility was achieved at higher hydrolysis 
value.  
The conclusion of this study was that the optimum conditions for sludge digestibility were 
obtained with a dosage of sodium hydroxide of less than 200 meq l 
-1
 and at a temperature 
equal to 140 
o
C for 30 minutes. 
3.6.5 Biological pre-treatment processes- Acid phase digestion and enzymatic 
hydrolysis  
According to Le et al. (2006), the most important biological sewage sludge pre-treatment 
processes in use for enhanced sewage sludge biodegradability and its conversion to biogas are 
Acid phase digestion (APD) and Enhanced Enzymatic hydrolysis (EEH).  
APD runs at a mesophilic temperature range of 35 -38
o
C, while EEH consist of a digester 
run at mesophilic temperature range of 32 -42
o
C which is used as a first stage, followed by a 
digester run at thermophilic temperature of 55
o
C, which is run as a second stage and a final 
batch storage tank facility.  
Le et al. (2006) claimed that the optimum enzymatic activity at 55
o
C accelerated sludge 
digestion process, enhanced sludge volatile solid destruction (62.9%VSr) and produced 
excessive biogas as well as compliant sludge. However, based on the reported sludge feed 
volatile solid content of 75.6% and EEH digested sludge volatile solid c content of 61%, there 
existed inconsistency in the reported volatile solid reduction calculation. Based on the 
reported feed data (75.6%VS) and digested sludge data (61% VS), the actual volatile solid 
destruction is close to 50% VSr than the reported 62.9%VSr. 
APD process is a pre-treatment stage that is installed in front of the conventional 
mesophilic anaerobic digestion process (Asaadi and Marsh, 2005; Shana et al., 2003). These 
authors reported that the anaerobic digestion process phase separation process enhanced the 
sludge hydrolysis and acid fermentation process that produced up to 8000 mg/l VFAs two 
days after the APD was commissioned. The second stage MAD that followed APD run at 
methanogenic phase and produced a VFA concentration of 120 mg/l. APD is a short retention 
time and high volatile solid load digestion process. The APD was run at HRT of 2.4 days and 
the second stage MAD was run at HRT of 10 days HRT providing with an overall HRT of 
12.4 days. The percentage volatile solid reduction achieved by the APD was 14.7% and that 
of second stage MAD was 44.5% (Shana et al., 2003). 
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3.7 Post - Anaerobic Digestion Treatment Technologies 
 
3.7.1  Super Blue Box Recycling (SUBBOR) process 
In 1999 the Canadian Minister of Industry and Technology Partnership sponsored “Super 
Blue Box Recycling Corporation”, a subsidiary of Eastern Power Limited, to develop a new 
conceptual approach for the treatment of unsorted mixed MSW; the same name of the 
company was given to the process: Super Blue Box Recycling (SUBBOR). Figure 3.10 shows 
the conceptual process flow diagram of the SUBBOR plant. 
The corporation established a pilot research facility in Guelph (Ontario) in April 2000 
(Michitsch, 2004). At the end of 2002, progress from the lab scale process was made and the 
lab scale data was scaled up to pilot plant with a treatment capacity of 27,500 tons dry solid 
per year; however, the project was then reported to have been stalled due to some legal 
difficulties (Rapport et al., 2008). The SUBBOR process consisted of a first stage primary 
digester and a second stage secondary digester used mainly to treat a municipal solid waste 
(MSW). The product of first digester was then subjected to steam treatment and re-digestion 
took place in a subsequent secondary digester.  
In laboratory studies, the first digester was operated in batch configuration at thermophilic 
conditions for 25-60 days. The digestate was then placed for 5 minutes in a steam explosion at 
pressure of 55-62 bar (800-900 psi), and temperature of 220-270 °C (430-520 °F); then it was 
placed again into the batch digester for additional 12 to 24 days under the same temperature 
of the primary digestion stage. This allows a biogas yield enhancement of about 40% and 
resulted in a fine, “peat-like” mass of residual solids (Vogt et al., 2002 cited in Muncini, 
2012). 
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Figure (3.10) SUBBOR two-stage of digesting sludge pre-treatment and re-digestion process 
(Vogt et al., 2002). 
  
Anaerobic digestion is carried out under thermophilic conditions (55°C) and at medium to 
high solids (15–30% (w/w)). After approximately 25 day’s digestion, the primary digestate is 
removed from the first digester and processed through a steam pressure disruption circuit. It 
was believed that this step causes a ‘‘steam-explosion’’ of the internal water of the remaining 
non-digested fibres, causing fibre disruption (Liu et al., 2002). The disrupted material is 
subsequently re-inoculated and re-digested in the secondary digestion stage to provide 
additional digestion and biogas production from the substrate made accessible from pressure 
disruption.  
Digestate from the secondary digester is then further processed to provide secondary 
recovery of non-digested materials (such as metals, glass and plastic) and heavy metal 
removal, providing a recovered cleaned organic peat by-product fraction. Then, biogas 
produced during the two-digestion stages is conveyed to Combined Heat and Power (CHP) 
unit where it is used as energy source to produce heat and electrical power. Part of the 
recovered energy is utilized for internal process needs, whereas the excess is exported to 
national grid. 
Table 3.4 shows the performance of the sludge digestion process; methane yield and sludge 
mass reduction from the SUBBOR process. 
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Table (3.4 )  Methane yields and mass reductions from enhanced two-stage digestion of 
MSW (adopted from Vogt et al., 2002). 
Parameters Conventional TAD SUBBOR process Performance 
improvement 
 
VS destruction 
 
48% 
 
67% 
 
+40% 
Biogas production 0.25 (m
3 
CH4/kg VS) 0.36 (m
3 
CH4/kg VS) +44% 
TS reduction 40% 56% +40% 
 
3.7.2  SlurrycrabTM Process 
This process uses heat and pressure to carbonize the organic matter in digested sludge cake 
and lyses the bacteria cell walls to release bound water. Figure 3.11 shows the process steps 
involved in the SlurrCarb
TM
 process (Bolin et al., 2007).  
 
Figure (3.11)  Flow diagram of Enertec SlurrCarbTM process (Bolin et al., 2007) 
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Step one – slurry preparation: Digested sludge cake is received from the wastewater 
treatment plant at 20 to 30% dry solid. This is then macerated until all particles are less than 
1.3 cm.  Step two - Slurry pressurisation: the feed material is pressurised above its saturated 
steam pressure to prevent boiling. Under this pressure, the slurry remains a liquid throughout 
processing time, and thermal energy inputs for the evaporation of water are minimised. Step 
three – slurry heating: heat exchangers raise the temperature of the pumpable slurry to 
approximately 230
o
C. 
Step four – Reaction: The cellular structure of the biological sludge is ruptured (lysed)  and 
the carboxyl groups (-C-O-O) of the organic molecules are broken off and released as carbon 
dioxide gas, a step called ‘’carbonization’’. This reaction significantly reduces the size and 
improves the uniformity of the solid and polymer-like waste molecules, which also lose their 
affinity for water. This reaction is stopped short of pyrolysis. Step five – Dewatering: After 
partial cooling through the same heat exchangers in step three and depressurization, the 
carbonised slurry is dewatered using centrifuges to at least 50 percent dry solids content. The 
dewatered slurry can be used as a fuel at 50 percent dry solid or dried to > 90% dry solids and 
palletised into a renewable fuel.  Step six – Filtrate recycle: Trace contaminants removed from 
the centrate using membrane filters followed by anaerobic digestion of the highly soluble 
liquor 20% more biogas was generated from the slurrycrab
TM
 process  
Step Seven – Combustion: The renewable fuel, called E-fuel is combusted using less than 
20 percent excess air for effective carbon burnout. E-fuel is an excellent fuel for cement kiln, 
oil boilers, and gasifiers. 
3.7.3  Intermediate thermal hydrolysis process (ITHP) 
The thermal hydrolysis process has already been mentioned in subsection 3.6.2; utilizing 
this technology the digester throughput can be increased, however the increase in biogas yield 
or the volatile solid reduction is not as much as expected. 
In 2008, Thames Water started to develop a novel sludge treatment process configuration, 
consisting of an intermediate step of thermal hydrolysis (ITHP).  Since then, investigation 
conducted on laboratory scale plant performance showed an overall VS reduction of up to 
67% and a biogas production increase of about 30%, compared with the reference 
conventional mesophilic anaerobic digester output (Shana et al., 2011 and 2012, Rus et al., 
2015). The proposed digestion process consists of the following sequence: 
 Primary digestion of sewage sludge 
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 Thickening of digested sludge (to 14-18% dry solid content) 
 Thermal Hydrolysis 
 Re-digestion process 
 
The technology adopted in the ITHP plant is provided by CAMBI
TM
, and the potential for 
enhanced digestibility and digester performances of this new and novel process proposed by 
Thames Water, will be further discussed in the following Chapters. 
3.7.4  Veolia ExelysTM -DLD (Digestion – Lysis - Digestion) process 
A thermal hydrolysis process called Exelys was developed by Veolia Water solutions and 
technology which has similarity set up with that of the proposed novel sludge digestion 
technology – ITHP configuration above.  
So far, the Veolia Water solutions and technology did not report any performance data on 
this technology, but a short reference was published as an article under the name of Exelys 
Advanced Digestion Technology (Water 21, 2010) although there was no performance data 
reported. It shows that in 2008, Veolia Water developed the Exelys version of Thermal 
hydrolysis process from existing Byothelis
TM
 pre-treatments process. This new product 
transformed the thermal lysis Byothelis
TM
 process from batch to continuous process. 
According to Bigot (2011), Exelys
TM
 can be utilized in a number of process 
configurations. On 6 March 2009, Veolia filed the patent for an innovative process 
configuration, where Exelys
TM
 can be incorporated, to further improve energy efficiency: 
Exelys
TM
 -DLD (Digestion- Lysis-Digestion) system. It stated that energy consumption in 
Exelys
TM
 is decreased because there are less biosolids for hydrolysis after the first digestion 
step  
The Exelys
TM
-DLD provides an increase in biogas production up to 38% compared to 
conventional digestion, and  a reduction of sludge production up to 27%; furthermore, a 
complete destruction of pathogens may be achieved  (Bigot, 2011). Biogas can be used for 
electrical generation – increasing income and reducing carbon footprint.  
Since October 2010, an Exelys
TM
-DLD process has been in continuous full-scale operation at 
Hillerød WWTP (80,000 P.E.), Denmark. Before the installation of the Exelys
TM
-DLD 
system, the plant utilized a highly effective thermophilic anaerobic digestion (TAD) process 
with a retention time of 25 days.  
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With the Exelys
TM
-DLD configuration installed, the treatment plant operator has recorded 
an estimated increase of 30% in biogas production (which has been sold to the local heating 
network), improved dewatering and a high reduction in biosolids to be disposed.  Table 3.5 
shows the performance of Exelys
TM
-DLD process.  
Table (3.5) Performance data from Hillerød WWTP 2010 versus 2011 (Cabral, 2012). 
 
Parameters 
 
Conventional TAD 
 
Exelys
TM
-DLD 
Performance 
improvement 
VS destruction 50% 65% +30% 
Biogas production 290 Nm
3
/TDS 378 Nm
3
/TDS +30% 
Sludge cake disposed of 2680 kg 1640 kg -39% 
DS content of the cake 25% 32% +28% 
The Hillerød WWTP is continuing to operate the Exelys
TM
-DLD process for further 
evaluation and optimization of the system performance; moreover, other two full-scale plants 
are currently under construction in France, at Lille (620,000 P.E.) and Versailles (330,000 
P.E.), which are going to be operating using the Veolia’s DLD process from 2013 and 2015 
respectively (Cabral, 2012). 
3.7.5  Anoxic Gas Flotation (AGF) – pasteurisation treatment and re-digestion process 
Burke (2000) conducted a study on pasteurisation and re-digestion of digested sludge using 
a process called Anoxic Gas Floatation (AGF) unit. The pasteurisation plant was installed in 
southwest suburban sewer district in USA in 1998. Figure 3.12 shows the Anoxic gas 
floatation pasteurisation process.  It was stated that the process stabilised the digestion process 
and eliminated digester foaming. Volatile solid conversion increased from 57 to 73%. The 
process increased digester capacity by a factor of 3 times compared to existing digestion 
configurations. In this process, biogas is used for floatation separation. 
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Figure (3.12) Anoxic gas floatation pasteurisation processes flow diagram (Burke, 2000). 
 
3.8 The Impact of Treatments on Sludge Related Biopolymers  
 
The Extracellular Polymeric Substances (EPS) in sewage sludge, a part of sludge 
biochemical composition (carbohydrates and proteins) is believed to be a factor for poor 
anaerobic digestion of sewage sludge and its subsequent dewatering. There are two types of 
sludge biochemical composition related EPS involved in the sludge anaerobic digestion 
process. These are activated sludge proportion of digester feed input and the EPS released in 
the digesting sludge due to microbial metabolism, self-protective reaction and cell lysis 
(Azami et al., 2012; Zuthi et al., 2013).  Several authors have attributed the problem of 
sewage sludge digestion and dewatering to the existence of extracellular polymeric substances 
in the activated sludge and digested sludges (Urbain et al, 1993 cited in Alam, 2013; 
Laspidou and Rittmann, 2002a; Garnier et al., 2005; Le and Yang, 2007; Kepp et al., 2009). 
It is acknowledged fact that one of the sludge digestion and dewaterability problem is 
associated to EPS which is produced by aerobic and anaerobic bacteria. For example, several 
authors have attributed  the poor conventional sludge digestion and dewatering process to 
carbohydrates and proteins related  EPS and described the negative impact of EPS content on 
Gas 
production 
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sludge viscosity, surface charge, sludge flocculation and dewaterability, and digestibility 
(Murthy and Novak, 1998; Clegg et al., 2002; Laspidou and Rittmann, 2002a; Garnier et al., 
2005; Le and Yang, 2007; Panter, 2008; Wang et al., 2008; Shao et al., 2009 cited in Shao et 
al., 2010; Krauss, 2011).  
According to Azami et al. (2012) and Zuthi et al. (2013) EPS is composed of proteins and 
polysaccharides. Often the proteins content of EPS remain unaffected during anaerobic 
digestion process and are one of the causes of odour from sludge, which is a sign of an 
incomplete digestion process (Shana et al., 2013).   
Laspidou and Rittmann (2002b) further stated that the predominant component of activated 
sludge is proteins related EPS and that the hydrolysis of EPS produced biomass associated 
product. Moreover, during biological wastewater treatment, the organic matter is consumed 
by bacteria and in this process both EPS and Soluble Microbial Products (SMP) are formed 
(Parkin and McCarty, 1981; Noguera et al., 1994; Barker and Stuckey, 2001 cited in Aquino 
and Stuckey, 2008). Often, EPS and SMP are excreted during bacteria growth, decay or in 
their response to changing environmental conditions (Janus and Ulanicki, 2010) and as a 
result of anaerobic digester organic shock load; sudden changes in digester temperature and 
HRT or toxicity (Aquino and Stuckey, 2008). Moreover, Frolund et al. (1996) cited in Neyens 
et al. (2004) showed that about 80% of total mass of activated sludge is EPS. A number of 
researches reported by Laspidou and Rittmann (2002a), Aquino and Stuckey (2008); Aquino 
(2004) cited in Zeng et al. (2010), identified that the free EPS surrounding the activated 
sludge flocs as SMP. For example, Reid et al. (2008) described SMP as soluble cellular 
components which were released during cell lysis. The studies of Ji and Chen (2010) cited in 
Zhou et al. (2012) later confirmed this statement by Reid et al. (2008) when they used 
ultrasound as a sludge pre-treatment process and observed the conversion of EPS in to SMP.   
According to Neyens et al. (2004) and Ni et al. (2011) activated sludge is  an 
amalgamation of dead and live body of bacteria that is composed of gelatinous and slimy 
material, a substrate bridged with EPS and that provide adhesion of sludge flocs that 
maintained floc structure. For example, the EPS forms highly hydrated biofilm matrix in 
which the microorganisms are embedded (Figure 3.13a), and it is located at or outside the cell 
surface (Laspidou and Rittmann, 2002b; Davis, 2005).  
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Figure 3.13b shows the impact of thermal hydrolysis pre-treatment of sewage sludge on the 
sludge EPS content where the cell contents were burst open and surrounding EPS layer was 
ruptured.  
 
 
Figure 3.13  show (a) EPS before THP - Activated sludge with dark brown colour 
indicating the bacteria content in the floc and outer surface light colour (glowing colour) 
showing EPS (Davies, 2005) and (b) bacterial contents  after THP (Kopp and Kopman, 2010) 
Most of the studies concerning anaerobic digestion of sewage sludge have focussed on the 
influence of digester operating parameters on sludge volatile solids reduction, pathogen kill 
and sludge dewaterability. A number of studies have also addressed the problem of poor 
(a) EPS in SAS before THP 
 
(b) EPS after THP in the digester feed sludge 
 
Figure (3.13) Impact of thermal hydrolysis on EPS showing 
before and after hydrolysis. 
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sludge dewaterability and have attributed this problem to digester temperature, digester HRT, 
sludge feed type and digesting sludge EPS content.  Some of these studies targeted improved 
sludge dewaterability and investigated the effect of thermal hydrolysis sludge pre-treatment 
process on EPS and change of dewatering behaviour. For example Kopp and Kopmann 
(2010) investigated the impact of THP on sludge protein related EPS and concluded that 
thermal hydrolysis process can change the biodegradability and structure of sludge proteins, 
hence improving dewaterability of digested sludge.  
The use of sludge pre-treatment technologies may only help to reduce the amount of EPS 
in the sludge feed but cannot prevent its production during anaerobic digestion process due to 
bacteria growth, substrate consumption and defence from an adverse environmental condition 
or cell decay (Parkin and McCarty, 1981; Noguera et al., 1994; Barker and Stuckey, 2001 
cited in Aquino and Stuckey, 2008). Thus, EPS is an unavoidable by-product of wastewater 
sludge anaerobic digestion process. In their extensive literature review, Azami et al. (2012) 
concluded that biopolymers, as part of activated sludge organic matter, are often hardly 
biodegradable and their degradation kinetics during conventional mesophilic anaerobic 
digestion process was very slow. Therefore, a possible solution to deal with EPS production 
during sludge digestion leading to poor dewaterability is an optimised anaerobic digestion 
process where optimum sludge digestion process conditions are maintained and limited 
amount of EPS is generated. This could be achieved by establishing better sludge pre-
treatment techniques, by controlling process parameters such as digester HRT, digester feed 
composition, sludge organic loading rate, digester operating temperature and uniform digester 
feeding frequency, hence avoiding sudden and systematic process parameter variations. 
According to Panter (2002); Neyens et al. (2004); Elliot and Mahmood (2007); Dong and 
Jiang (2009) the acknowledgement of the impact of activated sludge (biomass) related EPS on 
sludge dewaterability was the reason for perusing in the fields of advanced sludge pre-
treatment and anaerobic digestion methods.  
3.9 Kinetics of Anaerobic Digestion  
 
The kinetics of anaerobic degradation of organic matter refers to the rates which the bio-
degradation of organic matter takes place. The main factors influencing the rate of organic 
matter degradation during anaerobic digestion process are: 
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 Environmental conditions in the digester, such as temperature, digesting sludge pH 
content, digesting sludge alkalinity content, VFA content, the frequency of contact 
between bacteria and substrate (mixing), digester substrate retention time, digester 
geometry and moisture content. 
 Substrate loading rate (under or over feeding). 
 Digesting sludge macro and micro nutrients content - Liebig’s law: the lowest nutrient 
content in the substrate composition supply controls the rate of bacteria growth; this is 
often C or N in the wastewater system. 
 Microorganisms (the type and number of viable bacteria). 
Anaerobic biodegradability information is fundamental to reliable product yield estimation 
from biologically-mediated reactions (Labatut, 2012). The fraction of influent substrate 
available for biological degradation influences the stoichiometry of all the reactions involved 
in anaerobic digestion. From an engineering application and operational point view, substrate 
biodegradability influences the rate of bio-methane production, ultimate bio-methane yield, 
stability of the system, degree of waste stabilization, and concentration of effluent products. 
All of these ultimately impact the overall energy output and waste treatment efficiency of the 
system (Labatut, 2012).  
A number of theoretical methods to predict the stoichiometry of the biochemical and 
physicochemical reactions of anaerobic digestions have been developed in the past decades 
(Batstone et al., 2002). Regardless of the level of complexity, common characteristics of these 
methods are that, they are all based on the premise that influent substrates are completely 
biodegradable. Thus, for readily-degradable, soluble substrates, such as volatile fatty acids or 
sugars, predictions are in general, in agreement with observations; however, for less 
degradable, complex, composite-substrate mixtures, the biodegradability information is not 
only limited, but also inaccurate, and is only an indicative theoretical predictions tool 
(Batstone et al., 2002).  
The extent of biodegradability (and bio-methane potential) of complex substrate are 
usually best assessed via analytical methods. Substrate biodegradability is primarily 
characterized in terms of rate and extent of degradation. Rate is the speed of substrate 
utilization (degradation), which under ideal, steady-state conditions (absence of inhibition) is 
directly related to the rate of (intermediate) product(s) formation. The extent (or ultimate 
biodegradability) represents the hypothetical maximum biological degradation achieved at a 
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solids retention time equal to infinity. Under batch conditions, ultimate biodegradability is 
usually assumed to be reached when the rate of degradation approaches to zero, i.e. 
stabilization is deemed to be completed (Shana et al., 2013). 
Sewage sludge is a complex substrate and kinetic data on its biodegradation in anaerobic 
systems are limited (Abdurrahman et al., 2010). Sludge digestion process is a biochemical 
processes and it differs from chemical processes due to the presence of living organisms in the 
reacting system. Microorganisms produce their own catalysts (enzymes) to facilitate the 
transformation of organic substrates to simpler end products (Karivelil, 1992). This author 
conducted a study to estimate intrinsic kinetic parameters of anaerobic digestion of Whey 
permeate by a mixed bacterial population. 
The author used various initial substrate concentrations S0 = 6.38, 10.85, 21.02 and 48.77 
g/L and at the temperature of 37
0
C. According to the author, the experimental data obtained 
for biomass growth and substrate utilization did not follow any conventional models cited in 
the literature, but the biomass growth followed approximated straight line. The value of kinetic 
constants, k, obtained for S0 = 6.34, 10.85, 21.02 and 48.77 g/L were very close to one another 
with an average value of 0.052 (g cells
-h
/L)
-1
 (Karivelil, 1992). 
 NWabane et al. (2009) studied the Bio-kinetics of anaerobic digestion of municipal Waste 
parameters, using anaerobic batch digesters.  From the experimental results, they determined 
the kinetic parameters (coefficient values) of the digestion of municipal solid waste (MSW). 
They found the maximum rate of substrate utilization (k) , saturation constant (ks), 
Endogenous decay coefficient (kd), biomass Yield or microbial growth yield (Y) and 
maximum specific growth rate (µmax) value as 0.144 days
-1
, 21.23 mg/l, 0.038 day
-1
, 0,367, 
and 0.053 day
-1
 respectively.  
According to these authors the Bio-kinetics of anaerobic digestion of MSW was well 
described by first order kinetics model and suggested that practically digesters for MSW 
require inoculation of the feed with microorganisms to increase the rate of solid digestion. In 
the anaerobic environment, the living cells consume nutrients and convert substrates to 
products. At the same time, these cells will grow in numbers at a suitable temperature and pH. 
The kinetics study of anaerobic digestion is best described by typical microbial growth curve 
(Bailey and Ollis, 1986 cited in Karivelil, 1992). When a microbial culture is grown in a batch 
mode it passes through several phases of growth (Figure 3.14). 
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During the commissioning of anaerobic digestion process, when the seed containing 
microbial cell was introduced into the anaerobic digester system, the microbial growth 
process starts with a lag phase, when the microbial cells started to adjust to the environment. 
At the end of this lag phase the microbial population increases exponentially with time, and 
the specific growth (µ) remains constant.  The cells then multiply rapidly and the cell numbers 
double regularly with time (Bailey and Ollis, 1985 cited in Karivelil, 1992). 
 
Figure (3.14) Bacterial growth curves for batch cell cultivation 
(http//water.me.vccs.edu/course; Bailey and Ollis, 1985 cited in Karivelil, 1992). 
 
According to these authors, the equations relating to specific microbial growth rate to the 
biomass concentration is given by  
 
 
Integrating the above equation with a biomass concentration (X) at time (t) equal to initial 
biomass concentration (Xo) i.e. X = Xo   at  𝑡 = 𝑡𝑙𝑎𝑔, yields. 
 
 
Where   𝑡 > 𝑡𝑙𝑎𝑔 
𝒅𝒙
𝒅𝒕
= 𝝁𝑿           𝒐𝒓       
𝟏
𝑿
  
𝒅𝒙
𝒅𝒕
= 𝝁 
 
    (3.17) 
𝑳𝒏 
𝑿
𝑿𝟎
= 𝝁(𝒕 − 𝒕𝒍𝒂𝒈)    𝒐𝒓   𝑿 = 𝑿𝟎𝒆
𝝁(𝒕−𝒕𝒍𝒂𝒈)                            (3.18) 
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According to Karivelil (1992), from the above equation one can deduce the time interval td 
required to double the microbial population, i.e. 
 
When the cell growth limiting substrate is exhausted in the system, the cells go into 
maintenance mode in the stationary growth phase. In this phase the microbial population is 
constant.  
Gradually the microbial population starts to decrease in the death phase due to an 
accumulation of toxins and/ or starvation due to limited substrate concentration. In each 
growing culture, there is a maximum specific growth rate (µmax). This is the maximum 
possible rate of growth per unit biomass with unlimited substrates in the given environment 
(Karivelil, 1992). In addition, the rates of degradation of organic compound were often 
explained using one or several of the following simplified reaction rates described in 
Gonzalez (2006): 
 
 
 
The concentration, C, at time t is independent of the initial Concentration. The plot is a 
straight line with gradient zero. 
 
 
The concentration, C, at time t is a function of the initial concentration (C0). The plot is a 
straight line with its gradient   providing the rate constant. 
 
 
Where; Ct = concentration of sludge components at a given time (t), t = time (s, minutes, hours and days). 
 
Second order is established from a fraction of sludge component concentration after 
treatment minus a fraction of initial sludge component concentration versus duration of 
treatment. During anaerobic digestion process, different sludge constituents’ degrade at 
different rate and some constituents are less biodegradable than others. In response to this, 
Shana et al. (2013) conducted a number of batch anaerobic sludge digestibility studies and 
𝒕𝒅 =
𝒍𝒏 𝟐
µ
                                                                           (3.19) 
 
1. Zero order reaction: C vs. time                                                             (3.20) 
 
2. First order reaction: ln (Ct/C0) vs. time                                               (3.21)                                  
 
3. Second order reaction: 1/Ct – 1/C0 vs. time                                        (3.22)                   
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reported the positive impact of ITHP, and THP configuration on sludge carbohydrates related 
extractable EPS degradation process.    
 
3.10  Summary  
 
The literature review in Chapter three showed that anaerobic digestion process is a 
multistep and complex process which is controlled and influenced by several factors such as 
the seed to food ratio, digester temperature, feeding regime, sludge composition, digester 
HRT, organic loading, pH, alkalinity, VFA and digester mixing. The literature review also 
revealed that sludge pre-treatment, particularly thermal hydrolysis process (THP) can help the 
anaerobic digestion process efficiency and enhanced the utilisation of existing asset capacity.   
The sludge pre-treatment influence and contribution to anaerobic digestion process 
improvement have been well documented.  It was also revealed that there was no benefit in 
pre-treatment of easily digestible proportion of sewage sludge, and it was suggested that 
sludge pre-treatment has significant impact on hard to digest proportion of sewage sludge 
such lignin and bacterial cell walls. It was also shown that there was significant benefit to be 
have when post digestion sludge treatment and re-digestion processes such as Super Blue Box 
Recycling (SUBBOR) process is used. The SUBBOR uses steam injection between primary 
digestion process and secondary digestion process and that followed by secondary fully 
covered and heated digestion process. In this case, significant anaerobic digestion process 
performance was reported, but the primary digester was run as a batch digester.   
From this current literature review it is clear that, there is a lack of proper and systematic 
study on the use of THP as an intermediate thermal hydrolysis process configuration and 
subsequent continuous or semi-continuous anaerobic digestion process. For this reason, the 
present doctoral research focusses on the use of THP as an intermediate thermal hydrolysis 
configuration for enhancing the anaerobic digestion process efficiency.  
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CHAPTER 4 
4. MATERIALS AND METHODS 
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 Introduction 4.1
 
This chapter describes the materials and methods used throughout this research work. It 
consists of five sections. The first section describes the details of the plant where the sludge 
used for this research was obtained and the second section presents the experimental methods 
used. The third section describes the laboratory scale digestion equipment and types of 
digestion processes used, whilst the fourth section presents the analytical methods employed. 
The final section of this chapter describes the data handling and statistical analyses processes 
used. 
4.1.1  Site information 
Sewage sludge used in this research was obtained from Basingstoke Sewage Treatment 
Work (STW), owned by Thames Water Utilities. This site was chosen due to its low amount 
of imported sludge and consistency of the indigenous sludge composition. The plant is a 
conventional STW, consisting of preliminary treatment (inlet screens and grit removal), 
primary settlement, secondary treatment tanks, final clarifiers, mesophilic anaerobic digesters, 
and secondary digesters in series. The treatment plant serves about 97,000 population 
equivalents (PE) and produces two types of sludge: namely primary and secondary activated 
sludge (SAS).  
The primary sludge was thickened to 5% dry solids using two picket fence thickeners 
while the SAS was thickened using two gravity belt thickeners to 6 % dry solid content.  
These two sludge types were blended on 60% primary to 40% SAS ratios on weight by 
weight basis before feeding it to two anaerobic digesters. These two anaerobic digesters treat 
13 tonnes dry solid of sludge per day or 4,745 tonnes dry solid sludge per annum. The 
digesters were run at 16 day HRT, digester working volume of 2273 m3 and digester EDV of 
92%, at 38
o
C and with the digester organic loading rate of 2.5 kg VS per m
3
 d
-1
.  
4.1.2 Materials used   
The materials used in this laboratory research were: 
 Laboratory scale semi-continuous anaerobic digestion rigs consisting of  chemostats, 
aspirators to collect biogas, heated water bath, and overhead stirrers 
 Batch digestion vessels and associated equipment 
 Sewage sludges 
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 Laboratory scale thermal hydrolysis plant consisting of reaction and flash vessels, 
steam boiler, and odour control unit  
 Sludge dewatering plants - hanging bag, and laboratory piston press  
 Infrared gas analyser, UV spectrophotometer, gas chromatograph and a variety of 
routine laboratory equipment  
 Flocculating and laboratory reagents 
4.1.3 Description of laboratory equipment 
The two types of laboratory scale digestion processes utilised were: semi-continuous 
anaerobic digestion process, used to assess the overall sludge digestion process efficiency and 
batch anaerobic digesters, used to investigate the kinetics of anaerobic digestion process.  
4.1.4  Semi-continuous laboratory anaerobic digestion equipment 
Figures 4.1a and 4.1b show the digestion rig, which consisted of a heated water bath tank, 
eight 10 litre chemostat vessels with 8 litre working volume, overhead stirrers and aspirators 
(graduated biogas collection bottles). On daily basis, at regular time intervals, the following 
procedures were used: 
 The chemostat stirrer was stopped, the exact stoppage time was recorded, gas volume 
was read from each aspirator bottle and biogas composition was analysed.  
 A specific sludge volume, according to the experimental protocol described in 
subsection 4.2.2 was withdrawn from each chemostat and similar quantity of sludge 
feed was added. The digested sludge withdrawn from each chemostat and its 
associated feed sampled were sent for laboratory analysis on the day of sampling or 
stored in cold room until their further analysis. 
 Subsequently, each aspirator bottle was filled with acidified water, all gas pipe works 
were secured and the stirrer was started; and the stirrer starting time was carefully 
noted. 
 The time interval taken between the stirrer stoppage and starting time was subtracted 
from 24 hours in order to determine the effective sludge digestion time; this effective 
digestion time was used to estimate the daily biogas production. 
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Figure (4.1)  (a) Schematic diagram of semi-continuous digestion rig and (b) picture of semi-continuous anaerobic digester.
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 Batch laboratory scale anaerobic digestion 4.1.5
Figures 4.2a and 4.2b show the WRc standard biodegradability test rig (Fernandes and 
Kimber, 1990) used in this study. The batch digestibility rig was used to assess changes in 
sludge organic matter fed to the digester via combination of parameters such as VFA 
degradation potential, amount of biogas produced and sludge constituents’ degradation 
kinetics. The batch sludge digestion experiment was incorporated in this study in order to 
understand the mechanisms involved during sludge digestion and to try and explain the 
reasons for improved overall sludge digestion process efficiency recorded during the semi-
continuous ITHP sludge digestion process configuration used.  
The batch digestion rig consisted of two set of 32 gas collection graduated columns fixed 
upright in a water bath containing acidified water. The columns are 110 cm in length with an 
internal diameter of 5 cm and with total usable capacity 1500 ml. The glass columns are 
calibrated in height in centimetres with zero mark at the top of the tube. The gas is collected 
over acidified water, and pH < 4 was maintained in order to prevent the dissolving of carbon 
dioxide into the water.  
The incubation bottles used had 1000 millilitres (ml) volume and they were connected to a 
plastic pipe inserted at the bottom of the collection columns immersed in a water bath. The 
bottles were placed in a heated water bath at 38°C, where the temperature was kept constant. 
Once the batch digester was set up, biogas was produced and the biogas from the incubation 
bottles escaped via pipes immersed at the bottom of the glass columns and occupied the space 
at the top of the water in the glass column. During the 24 hour digestion interval used, the 
biogas produced in the incubation bottles increased its volume, and a gas pressure equivalent 
to the amount of biogas produced displaced the water and pushed out of the collection 
columns into the water bath. The biogas produced was collected in the biogas collection 
columns over time, allowing the height of the column occupied by biogas to be measured at a 
pre-scheduled gas reading time interval.  
On a daily basis, subsequent to the gas reading time, the clip (Figure 4.2b) was opened and 
acidified water was lifted by using a vacuum pump embedded in the rig design and calibrated 
to zero mark at the top of the tube, after which the clip was closed. All required number of 
bottles was filled in turn until all tubes are full to the zero mark. The water level in the water 
bath was checked regularly to ensure sufficient water was available to cover the digestion 
bottles and allow their heating process to function correctly. 
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Figure (4.2)   a) and b) Batch anaerobic digestion equipment: Standard WRc 
biodegradability test Rig – (Fernandes and Kimber, 1990; 
Gonzalez, 2006). 
(a) 
(b) 
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4.1.6 Laboratory thermal hydrolysis plant set up  
A laboratory scale THP unit used in this investigation is shown in Figures 4.3. This process 
is used to hydrolyse sludge, making it more amenable to anaerobic biodegradation and also to 
produce pasteurised sludge. The hydrolysis unit consists of a 20 litre reactor (Goodtech 
Vanpipe, Stoke-on-Trent, UK) with a sludge feeding port, a 50 litres flash tank (Goodtech 
Vanpipe, Stoke-on-Trent, UK), an off-gas scrubber, water supply tank and steam boiler 
(Fulton ‘Dragon’, Bristol, UK).   
The following procedure was used for the operation of the THP rig. The steam boiler was 
started until the boiler temperature was elevated and the steam pressure reached 10 bars. At 
this point steam was introduced to heat an empty reactor and prevent excessive heat loss if 
cold sludge cake was introduced in a cold reactor. It is believed, that this reactor pre-heating 
procedure reduced the steam consumption during the sludge hydrolysis process and speeded 
up the sludge hydrolysis process.  
After flashing of the condensed steam, cold sludge cake of about 10kg, with 16% dry solid 
content was immediately introduced into a hot reactor using a cake pump. At this point the 
reactor was isolated by closing both the outlet valves. Subsequently, steam was introduced 
into the reactor containing the sludge cake; the reactor temperature was elevated to 170
o
C, 
and 8 bars pressure. The cake was maintained at these conditions by manually adjusting the 
steam flow valve for a period of 15 -20 minutes in order to sustain its temperature. After this 
initial period of heating, the steam injection valve was closed and the reactor was locked for 
further period of 30 minutes.  
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Figure (4.3) Laboratory scale thermal hydrolysis plant showing Boiler, Reactor, Odour Scrubber and Flash Tank. 
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At the end of this period, the “pressured cooked” sludge was transferred into the flash tank 
using the reactor’s pneumatic discharge valve. The reactor tank was sealed, re-pressurized 
with steam and immediately flashed into the flash tank containing the hydrolysed sludge. This 
procedure was repeated 2 to 3 times in order to remove most of the sludge residue in the 
reactor. This repeated steam introductions to the reactor and flushing processes was used as 
dilution method of the hydrolysed sludge cake from 16% to 10% dry solid content and 
occasionally lower than this dry solid content was achieved.  
The flash tank containing the hydrolysed sludge was allowed to cool down to 50
o
C before 
discharging it. This cooling down process normally took about 30 minutes. This cooling 
period was also considered as an important part of hydrolysis procedure because it prevented 
the volatilisation of light volatile fatty acids trapped in the steam by allowing them to 
condense into a liquid form due to the temperature and pressure drop involved.  
4.1.7  Types of sludge digestion configurations investigated 
In this research programme, four sludge digestion configurations, namely: intermediate 
thermal hydrolysis process (ITHP consisting of MAD+THP+MAD), double mesophilic 
anaerobic digestion consisting of MAD+MAD, conventional thermal hydrolysis process 
(CTHP) consisting of THP+MAD, and single conventional mesophilic anaerobic digestion 
(CMAD) configurations were investigated. Particularly, the MAD+THP+MAD configuration 
was compared with three groups of controls mentioned above. These configurations are 
shown schematically in Figures 4.4, 4.5, 4.6 and 4.7. 
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Figure (4.4)  The Conventional THP (THP+MAD) configuration (CAMBI configuration). 
 
 
 
 
  
 85  
 
 
 
Figure (4.5)  Schematics of ITHP (MAD+THP+MAD) process configuration (Thames Water Ltd configuration).   
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Figure (4.6)  Schematic of Double MAD (MAD + MAD) process configuration (Thames Water Ltd configuration).  
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Figure (4.7)   Schematic of CMAD process configuration (Standard configuration). 
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4.2 General Feed Sampling, Preparation, Storage, Monitoring and Control 
Procedures 
 
The sludge samples were collected once a week from Basingstoke STW and transported to 
laboratory on the same day. Three types of sludges collected were: namely, primary, SAS and 
digested sludges. A discrete grab samples are taken at different time intervals and composited 
to 100 litres of primary sludge and 60 litres of SAS from their respective permanent sampling 
location. The primary sludge was sampled from the thickened primary sludge holding tank. 
To ensure a more representative sampling of the site primary sludge content, the sample valve 
was fully opened for a period of time, usually 2 to 3 minutes, to flush out stagnant sludge 
prior to taking sample. The SAS sample was collected from the SAS hopper situated under 
the Gravity Belt Thickener (GBT). Samples were labelled with a black none solvent based 
permanent ink, indicating type of sludge collected, sampling site location and date of 
sampling for positive sample identification. Prior to blending the primary sludge and SAS 
were sub-sampled and  analysed for dry solid and volatile matter content on the day of 
sampling using the Standard Methods for the Examination of Water and Wastewater (APHA, 
1998). This data was then used for the calculation of the digester feed blending ratio. All 
sludge feeds types prepared were stored in a fridge at 4
o
C for daily feeding of the laboratory 
scale anaerobic digesters. The stored feed types were sampled twice a week for determination 
of sludge dry solid, volatile solid, pH, alkalinity, VFA, and faecal coliforms to monitor 
changes in the feed characteristics during storage and digestion process (APHA, 1998) 
4.2.1  Preparation of sludge feed for the THP, ITHP Double MAD and conventional 
MAD configurations 
Figure 4.8 shows the hanging bag used for the dewatering of THP and ITHP feed to 16% 
dry solids content. In this process, polymer dosed sludge was transferred in the hanging bag 
and left to drain by gravity for period of not less than 4 hours. The resultant filtrate was 
captured in a plastic basket and retained. Finally the cake containing bag was manually 
squeezed by applying enough weight on the bag to further release water and increase cake 
dryness if not sufficiently dry enough. If the cake dry solid was found to be higher than 16%, 
then the filtrate captured in the basket was used as dilution water to bring down the sludge 
cake dry solid to 16%. Part of sludge cake prepared for the ITHP configuration was diluted 
with water and used for feeding the Double MAD configuration. 
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Figure (4.8)  Hanging basket type material used for dewatering sludge. 
The feed to the conventional MAD was prepared just by mixing 5% primary sludge and 5% 
SAS sludges in the blending ration of 60% primary and 40% SAS on w/w basis. 
4.2.2  Digester feeding cycle and performance monitoring procedures 
The digester feeding cycle usually started on Mondays and ended on the Sunday of each 
week throughout the course of the experiments, over a period of 18 months (includes 8 
months concept test and 10 month of research work). The following sludge feeding and 
performance monitoring procedures were adopted: 
 Freshly collected sludge feeds were prepared every Monday. Sludge feed and digested 
sludge were sampled and monitored twice a week: on Monday and Thursday of each 
week  
 The digesters were fed manually every 24 hour interval (once per day) and 7 days a 
week; the amount of feed given to each digester was determined based on 
predetermined target digester organic solid load rate 
 Gas volume produced was recorded on daily basis using a water displacement method 
(aspirator bottle)  
 After twenty four hours of digestion period, the amount of sludge volume based on 
pre-determined organic solid load was taken out of the each digestion configuration 
and similar amount was fed to each digestion configuration studied  
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 The digester feed quality was regularly monitored and controlled; for example: 
- The quality of sludge feed to the conventional MAD configuration had a 
controlled sludge feed dry solid content of 5%  
- The feed quality of conventional THP was controlled to 10% feed dry solid 
- The feed to ITHP configuration had a controlled sludge feed dry solid content of 
10%  
- The double MAD feed dry solid content was also maintained to 10% by diluting 
the sludge cake prepared for ITHP feed by using a steam equivalent amount of 
water used in the ITHP process configuration 
 
Table (4.1)  Operating conditions used for controlling the laboratory scale semi-continuous 
anaerobic digestion process 
Operating 
condition 
Unit ITHP Double MAD THP CMAD 
Feed type  Digested 
thermally 
hydrolysed 
Digested 
diluted cake 
Raw thermally 
hydrolysed 
Raw 
Temperature °C 38 38 38 38 
Working-
reactor volume 
ml 8000 8000 8000 8000 
HRT Days
 
10 10 10 16 
Feeding 
interval 
Average Dry 
solids 
Hours 
% 
24 
9 
24 
9 
24 
8.4 
24 
5.4 
Ultimate     
VSLR         
kg VS m
-3
d
-1
 6 6 6 2.5 
 
Each step change in the digester parameters was made when the digestion process was 
considered at steady state. Particularly, the three experimental configurations (THP, ITHP and 
double MAD) were considered at their steady state condition when the pH, VFAs, alkalinity 
concentrations, biogas production and biogas composition were sustainability maintained for 
a minimum of 3 HRTs. The digesters were run at 38
0
C and up to 10 days HRT to see if these 
digestion configurations could perform well at low HRT limit. However, CMAD was run at 
minimum of 16 days HRT. 
  
 91  
 
4.2.3  Process monitoring used during the semi-continuous anaerobic digestion study 
In order to monitor and control the anaerobic digestion process, the sludge physical and 
chemical characteristics were analysed. The frequencies of the sludge physical and chemical 
characteristics measurement used during this semi-continuous anaerobic digestion study are 
shown in table 4.2. In this work, the frequently monitored sludge physical characteristics were 
sludge dry solid and sludge volatile solid contents and the frequently monitored sludge 
chemical characteristics were sludge VFA, pH, and alkalinity. The Sludge nutrient (Nitrogen 
and Phosphorus) contents were also regularly monitored. Other sludge digestion operational 
parameters monitored in conjunction with sludge physical and chemical properties were 
digester HRT, and volatile solid loading rate. In this study most analytical measurements were 
performed following the American standards method (APHA, 1998). Therefore, only brief 
accounts of these analytical methods used are presented. The sludge physical parameters were 
analysed by innovation research centre laboratory at Reading STW and Thames water 
laboratory at Spencer House, located in Reading, UK. Thames water laboratory at Spencer 
House analysed mostly the sludge chemical and biological parameters. Furthermore, the 
sludge organic matter constituents (carbohydrates, proteins, fibre and lipids) were analysed by 
an external laboratory (Chemical Analysis laboratory, Bradford).  The procedures used by this 
laboratory are also presented in section 4.8. 
Table (4.2) Sludge physical and chemical characteristics and the frequency of their 
measurement. 
Sample source Parameters measured Frequency of measurement 
Digester feed and  
digested sludge 
 Sludge dry solid and volatile solid 
contents 
Twice a week 
pH Twice a week 
Alkalinity Twice a week 
Volatile fatty acids (VFA) Twice a week 
Chemical oxygen demand (COD) Twice a week 
Dewatered sludge cake dry solid As and when needed 
Sludge pathogen analysis Twice a week 
Digestion process Digester feed  and digested sludge 
volume 
daily 
Biogas volume daily 
Biogas composition daily 
Digester temperature daily 
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4.3 Experimental Methodologies 
 
4.3.1  Semi-continuous anaerobic digestion experiment and monitoring  
a. ITHP (MAD+THP+MAD) experiment: 
 Full scale conventional MAD digested-sludge was obtained from Basingstoke STW to 
feed the ITHP configuration.  
 The digested-sludge sample was dewatered by adding sufficient quantity of powdered 
polyelectrolyte, supplied by SNF. 
 The flocculated sludge was transferred to a hanging bag (Figure 4.8) lined with fine 
netting which allowed the water to drain away by gravity whilst retaining the solids. 
The drainage often took about 4 hours; after which the cake was removed and the cake 
dry solid and volatile solids were measured. The filtrate was collected and some of it 
was sometimes used as dilution water of the feed cake.  
 The resultant sludge cake of 16% dry solid was hydrolysed using the pilot scale 
thermal hydrolysis plant, described in Figures 4.3. The hydrolysis conditions of 170
o
C 
and 8 bar pressure for 30 minutes was used.  
 After each sludge cake hydrolysis process, the reactor was steam cleaned to prepare 
for next batch of thermal hydrolysis activity. The condensed hot steam out of the 
rector washing activity was often used to dilute the sludge dry solid content down to 
10 - 12 percent before feeding to the laboratory scale semi-continuous digesters. This 
steam dilution procedure used was equivalent to a post sludge hydrolysis step dilution 
regime practiced by full scale CAMBI plant and others during the conventional 
thermal sludge hydrolysis process. 
 The hydrolysed sludge was flashed into the flash tank provided and was left to cool 
down in the flash tank to about 50
o
C. It was considered that when the hydrolysed 
sludge was cooled down, the Volatile Organic Carbons (VOC) in the saturated steam 
could condense and prevent the VFA lost due to vaporisation if the hot hydrolysed 
sludge was flashed out of the flash tank. 
 The pressure in the flash tank was allowed to drop to 0.5 bars and the flashed tank 
content was discharged out in to a container  
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 The hydrolysed sludge was used-up within 7 days and always a fresh hydrolysed 
sludge was prepared at the beginning of each week. The sludge feed prepared was 
stored in a fridge at 4
o
C to prevent biological activity and putrefaction.  
 The second stage MAD of ITHP configuration (MAD+THP+MAD) was run in two 
replicate reactors with a working volume of 8 litres each. 
  For the first 3 weeks, the laboratory scale reactors were run at 18 day hydraulic 
retention time (HRT), and at 38
o
C.  After this, the reactors were run at 16 days HRT 
considering the low sludge feed volatile solid content when compared to CMAD and 
THP configurations. 
 After 23 weeks of digestion period, the digestion process was controlled by organic 
solid load rate than HRT  
 The additional biogas produced from the ITHP configuration was measured on daily 
bases. The volume of biogas produced from this digestion configuration was added to 
the average biogas produced by the full-scale MAD plant at Basingstoke STW (used 
as a first stage digester) and compared with the amount of biogas produced from each 
digestion configurations investigated.  
It is important to note that the sludge VS was measured on the cake before it was 
hydrolysed with a view that during the thermal hydrolysis process, a significant quantity of 
the sludge organic matter was solubilised (hydrolysed) and therefore this can lead to the loss 
of organics during the dry solids analysis process: hydrolysed sludge feed VS content is 
always lower than that of un-hydrolysed feed. This in mind, the sludge in the THP and ITHP 
configurations were sampled for sludge volatile solid content calculation in two sampling 
points. The sludge sample for volatile solid content was taken at the Pulper feed point (input 
before thermal hydrolysis process and digester output, digested sludge). Figure 4.9 shows the 
sludge volatile solid sampling point in the THP configuration.  
  
 94  
 
 
 
Figure (4.9)  Sludge volatile solid sampling point for THP configuration. 
Where, Qc = a pumped cake flow rate, VSc = sludge cake volatile solid content, Steam (Q) = steam flow, Q = 
digested sludge flow, and dig VS out = digested sludge volatile solid content. 
 
b. Double MAD (MAD+MAD) experiment: 
 Excluding the thermal hydrolysis process, the digested-sludge cake feed to the double 
MAD control digestion experiment was prepared similar to that of ITHP configuration 
described above (digested-sludge cake with 16 % dry solid content). 
 The digested-sludge cake was diluted with water that is equivalent to the steam plus 
any dilution water consumed by the THP in the ITHP configuration.  
 After dilution, the double MAD feed dry solid achieved often ranged from 10 - 12 %. 
 The digested- diluted sludge feed prepared was also stored in a fridge at 4oC. 
 For the first 3 weeks, the laboratory scale reactors were also run at 18 day hydraulic 
retention time (HRT), and at 38
o
C.  After this, the reactors were run at 16 days HRT 
considering the low sludge feed volatile solid content when compared to CMAD and 
THP configurations.  
 After 23 weeks of digestion period, the digestion process was also controlled by HRT 
than volatile solid load.  
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 The biogas produced during the Double MAD configuration was measured on daily 
bases, added to the biogas produced by the full-scale MAD plant at Basingstoke STW 
and compared with the performance of ITHP configuration.    
c. Conventional THP (THP+MAD) experiment:  
 The sludge feed for the conventional THP experiments was sampled and mixed using 
60% primary and 40% SAS blend on weight by weight basis. 
 The mixture of primary sludge and SAS was dewatered after conditioning with 
organic polymer to 16% cake dry solid content. This sludge cake was subsequently 
subjected to a laboratory scale Thermal hydrolysis process as described in section 
4.1.6. 
 Initially, the thermal hydrolysis plant was prepared (heated up to 170oC for 30 minutes 
by introducing a steam) which helped to avoid heat loss during the actual sludge cake 
thermal hydrolysis process.  
 The steam was flushed out, sludge cake was introduced to the hot reactor and 
hydrolysed at 170
o
C and 8 bar pressure for 30 minutes.  
 The hydrolysed sludge was flashed into the flash tank provided and was left to cool 
down.  
 The pressure in the flash tank was allowed to drop to 0.5 bars. It was considered that 
when the hydrolysed sludge was cooled down, the VOC in the saturated steam could 
condense and prevent the VFA lost due to vaporisation if the hot hydrolysed sludge 
was flashed out of the flash tank.  
  The volume of hydrolysed sludge and volume of sludge cake fed to the reactor were 
regularly measured and recorded.   
 The amount of steam consumed was calculated based on the difference between the 
volume of hydrolysed sludge and volume of reactor feed cake used. This amount of 
steam consumed was then divided by the total sludge solid content used in the thermal 
hydrolysis process. The calculated steam consumption was reported as a tonne of 
steam per tonne of sludge dry solid used. 
 After each sludge cake hydrolysis process, the reactor was steam cleaned to prepare 
for next batch of thermal hydrolysis activity. The condensed hot steam out of the 
rector washing activity was often used to dilute the sludge dry solid content down to 
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10 – 12 percent before feeding to the laboratory scale semi-continuous digesters. This 
steam dilution procedure used was equivalent to the post sludge hydrolysis step 
dilution regime practiced by full scale CAMBI plant and others during the 
conventional thermal sludge hydrolysis process.  
 The hydrolysed sludge was used-up within 7 days and always a fresh hydrolysed 
sludge was prepared at the beginning of each week. The sludge feed prepared was 
stored in a fridge at 4
o
C to prevent biological activity and putrefaction. 
  For the first 3 weeks, the laboratory scale reactors were also run at 18 day hydraulic 
retention time (HRT), and at 38
o
C.  
 The hydrolysed sludge was fed on 24 hours interval to 8 litre laboratory scale semi-
continuous reactors and after 23 weeks of running the digesters at 18 days HRT, the 
HRT was intentionally dropped to 10 days retention time in order to mimic the full 
scale CAMBI plant operating condition. The digester temperature was maintained at 
38
o
C. 
Digesters were monitored on twice a week sampling program and the biogas generated 
was measured daily 
d. Conventional MAD experiment: 
 Excluding the sludge dewatering and thermal hydrolysis process, the sludge feed 
sampling and feed preparation for the CMAD configurations experiments was similar 
to that of conventional THP configuration stated above. 
 The Conventional mesophilic anaerobic digestion process was run at 18 day hydraulic 
retention time (HRT), and at 38
o
C.  
 After 23 weeks of digestion period, the digestion process was controlled by organic 
solid load than HRT, but this had no effect on CMAD HRT due to consistencies in the 
sludge dry solid and volatile solid contents used.  
 The digesters were sampled and their performance was regularly monitored
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4.3.2 Batch anaerobic digestion experiment and monitoring 
In order to explain the improved anaerobic digestion process efficiency noted during the 
laboratory scale semi-continuous anaerobic digestion process batch anaerobic sludge 
digestibility tests were conducted. The batch digestion processes were mainly used to assess 
effect of ITHP configuration on changes in sludge composition and biodegradability of 
sewage sludge constituents compared with the performance of control digestion configuration.   
In this study, two phases of batch digestion processes were accomplished: the first phase 
studied the extent of change in sludge composition due to the impact of ITHP, THP and 
CMAD processes (the result for this was not included in this due to the size of data involved 
in this work and as a result CMAD data was reported elsewhere), whereas during the second 
phase of batch digestion study the kinetics of sludge volatile solid degradation (changes in 
sludge constituents) due to the impact of ITHP and THP only was investigated. 
 
1. Effect of changes in Sludge Composition (Carbohydrates, Proteins, Lipids and Fibre)-  Batch 
Digestion Experiments 
For this experiment the inoculum used was collected from active semi-continuous 
laboratory scale digesters that were running for over eight months. Changes in sludge 
composition (sludge carbohydrates, proteins, lipids and fibre contents) were investigated 
using ITHP sludge digestion process (treatment), THP (used as control) configurations. 
Overall, two experimental runs were conducted, both at 18 days of incubation time. For 
example the first run was conducted as follows. 
Six control THP experiment digesters were set up with 5.95 kg VS m
3
d
-1
 based on the 
following parameters used: 
 600 ml digester total volume 
 Digester working volume of 547 consisting of 500 ml of inoculum and 47 ml of 
digester feed  
 10 % digester feed dry solid with 76% volatile solid content 
Six treatment digesters (ITHP) experiments were set up with 4.96 kg VS /m3/d based on 
the following parameters used: 
 600 ml digester total volume. 
 Digester working volume of 545 consisting of 500 ml of inoculum and 45 ml of 
digester feed.  
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 9.84 % digester feed dry solid with 61% volatile solid content. 
The frequency and types of sludge samples collected were: 
 The batch digesters content and feeds were sampled on the day of the setting up, day 
zero and every 3 days until day 18 from both treatment and control digesters. One 
treatment and one control batch digesters were sacrificed and sampled every third-day 
until the entire batch digesters were sampled. 
 Samples were analysed for sludge composition (Carbohydrates, proteins, lipids, fibre) 
sludge percentage dry solids, sludge volatile solids, sludge pH, sludge alkalinity, and 
VFAs. 
 Biogas produced was measured daily. 
2. Batch Digestion - Sludge Organic Matter Degradation Kinetics Characteristics  
For this experiment the inoculum used was collected from an active semi-continuous 
laboratory scale digesters, which were running for nearly a year. To relate the outcome of the 
batch digestion experiment to the results obtained from the semi-continuous digestion 
experiments, the optimum digester organic loading rate of all digestion configurations studied 
were precisely calculated and matched.   
In this work, the performance of ITHP configuration treated sludge batch digestion process 
was compared with that of THP configuration treated sludge batch digestion process. 
Therefore, the THP treated batch digestion process was used as a control to the ITHP 
configuration treated sludge digestion process.  
The following procedures were used to set up and monitor both batch digestion 
configurations: 
 Standard Water Research Centre (WRc) designed batch anaerobic digestion rig was 
used. It consisted of heated water bath, sixteen 1000 ml incubation bottles, gas 
collection flexible tubes, and sixteen 1500 ml graduated cylindrical tubes (see 
subsection 4.1.5, figures 4.2a and b).  
 The tubes were immersed in unheated water tank.  
 The immersed tubes were filled with water and used for biogas measurement by a 
water displacement method. 
 The digester temperature was maintained by heated water bath to 39oC. 
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Control digester (THP) set up: 
 For the THP configuration, in each glass incubation bottle, 75 ml of the raw 
hydrolysed sludge cake with 8% dry solid and 76% volatile solid content was mixed 
with a digesting sludge seed volume of 725 ml, total of 800 ml sludge volume.  This 
gave 90.6% seed (X0) and 9.4% substrate (S0) in the total volume of THP 
configuration.  
 The total volatile solids load used was 5.65 kg VS m-3 digester capacity. Gas 
production (volume) was recorded at 24 hours interval.  
Treatment digester (ITHP) set up: 
 For the ITHP configuration, in each glass incubation bottle, digested-hydrolysed 
sludge cake with 12.5% dry solid and 64% volatile solid was hydrolysed. In each 
bottle, 60 ml of the hydrolysed digested sludge was mixed with a digesting sludge 
seed volume of 740 ml, with total 800 ml sludge volume. This also gave 92.5% seed 
(X0) and 7.25% substrate (S0) in the total volume of ITHP configuration.  
 The seed used was collected from a laboratory-scale semi-continuous ITHP digester, 
which had been running for nearly a year.   
 The total volatile solid load used was set to 5.63 kg m-3 digester capacity. Gas 
production was recorded at 24 hour interval.  
3. Sludge Constituent’s Degradation Kinetics: 
 Sewage sludges for both configurations (THP and ITHP) were initially sampled at 
shorter time intervals within 24 hours of the start of the batch tests. Samples were 
taken at 0 (initial), 1, 3, 6, 8, 15, 19, 24 hours. This shorter sampling time interval was 
used in order to investigate carbohydrates, proteins and lipids degradation as a part of 
sludge organic matter and their conversion to biogas which is known to take place 
within few hours of the setting up of the digesters, depending on seed to feed ratio and 
no lag period was expected due to high seed to feed ratio used. 
 After this short period of intensive sampling time, further samples were taken at 24 
hour intervals extending to 312 hours of sludge digestion period.  
This sampling procedure used provided the opportunity to evaluate the rate of total 
carbohydrates, proteins, and lipids degradation kinetics. This was used to establish the 
mechanism of sludge organic matter degradation involved during a high organic matter 
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loaded anaerobic digestion process. For reproducibility purposes, three replicate samples from 
the batch digestibility experiments were collected and analysed and average values of these 
was reported. The sludge samples for analysis were taken after thorough mixing and 
homogenisation exercise.  For this study, overall, three experimental runs were conducted. 
The sludge constituents (carbohydrates and proteins) were measured in two phases: solution 
phase as a soluble microbial product (SMP) and in solid phases as extracellular polymeric 
substances (EPS). 
4.4 Biogas Monitoring Procedures during Batch Digestion Experiments 
 
The biogas volume produced during this batch anaerobic digestion study followed similar 
monitoring procedures used for carbohydrates, and proteins degradation characteristics. 
Biogas reading took place daily and before sacrificing one of the batch digesters for sludge 
carbohydrates and proteins contents sampling and analysis based on a prescheduled time 
interval. The biogas readings were initially taken at 0 (initial), 1, 3, 6, 8, 15, 19, 24 hours 
intervals just before sacrificing a digester for carbohydrates and proteins contents sampling 
and analysis. These shorter reading time intervals were used in order to investigate the rate of 
carbohydrate, proteins and lipids conversion to biogas.  Following this short 24 hours long 
sampling period, the biogas reading took place every 24 hours interval until the end of 
digestion time: 312 hours (13 days, although some runs were tested for longer incubation 
period). However, gas quality was not determined due to the nature of the digestion rig set up 
which was not suitable for hand held gas analyser.  From these readings, a cumulative biogas 
production was calculated and reported for each configurations studied.  Gas production (ml) 
in the two batch experiments were normalized to 0°C and 1 atmosphere and calculated using 
the following equation (Fernandes and Kimber, 1990):   
  
  
                                
 
Where V = gas volume (ml), h = height of the column replaced by gas (cm), 1019.708 = standard atmospheric 
pressure in cm water gauge and 83.82 = the working length of gas collection tube (cm). 
 
V = 19.87* h* 
𝟏𝟎𝟏𝟗.𝟕−𝟖𝟑.𝟖+𝒉
𝟏𝟎𝟏𝟗.𝟕
                                              (4.1)  
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4.5 Analytical Methodologies for Characterisation of Sludge Physical 
Properties 
4.5.1  Determination of sludge dry solid content 
A clean heat resistant ceramic crucible was heated at 105
o
C in an oven for 1 hour and 
cooled down in a desiccator cabinet until further use. The dried ceramic crucible was weighed 
empty on a laboratory balance and recorded in a log book as an empty dish weight, labelled as 
W1. Well mixed (homogenised) sludge sample, not less than 100 ml volume, was placed into 
the heated, clean and pre-weighed ceramic crucible and was weighed again. This weight was 
recorded in the log book as wet weight and labelled as W2. Afterwards, the sample was 
heated and dried in 105
o
C oven for 24 hours until constant weight was achieved. 
Subsequently, the sample was quickly withdrawn from the oven into a desiccator cabinet and 
left at a room temperature to cool down for a minimum of one hour. Furthermore, the ceramic 
crucible containing the dried sample was weighed; the new weight: dry weight labelled as W3 
was recorded into the log book.  The value of sludge dry solid was determined as the ratio 
between the mass of dried solids remaining after drying and the mass of sludge before drying 
or wet weight. The sludge dry solid content was calculated as 
 
    
 
Where %DS is sludge percentage dry solid content, W1 = Weight of empty dish (crucible) in grams, W2 = Wet 
weight of sample plus dish (crucible) in grams, W3 = Weight of dry sample plus dish (crucible) in grams. 
After that, the crucible with its dried sludge content was kept safe for a subsequent sludge 
volatile solid content analysis. This is briefly described below. 
 Determination of sludge volatile solid content 4.5.2
 Immediately after the sludge dry solid content determination process, the dried and 
weighed crucible with its dry sludge was placed and combusted in 550
o
C oven (CARBOLITE 
ELF 11/14B or CARBOLITE LHT6/60, Derbyshire, UK), until constant weight was 
achieved. The dried sludge sample was combusted at least for five hours. Once combustion 
was complete, the ceramic crucible containing ash was safely removed from the oven and 
cooled down in the desiccator for a minimum of one hour and weighed using the laboratory 
%𝐃𝐒  = (
𝐖𝟑−𝐖𝟏
𝐖𝟐−𝐖𝟏
) ∗ 𝟏𝟎𝟎                                                                                            (4.2) 
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balance. The weight was recorded in the log book, labelled as W4. The value of VS is the 
ratio between the mass of dry solids lost on ignition at high temperature and the mass of dry 
sludge before ignition (APHA 1998); the sludge volatile solid content was calculated as: 
 
    
 
Where W1   = Weight of empty dish (crucible) in grams, W3   = Wet weight of dry sample plus dish (crucible) in 
grams, and W4   = Weight of ash plus dish (crucible) in grams. 
 
 Sludge pH content: 4.5.3
Sludge pH is one of the frequently used parameters for quick digestion process monitoring 
process. The pH measurement procedure adopted and used by Thames Water laboratory at 
Spencer House in Reading was based on ADAS reference book 427. The pH metre used 
consisted of a potentiometer, a glass electrode, a reference electrode and a temperature 
compensating device. The pH metre was calibrated each day when too many samples were 
measured (using buffer solutions of 4.0, 7.0 and 14.0) or every other day when fewer samples 
were measured. The manufacturer instruction was frequently consulted and before taking each 
reading, the sample was stirred to ensure that the homogeneity of the sample was achieved.  
  Sludge alkalinity 4.5.4
Sludge alkalinity indicates the buffering capacity of sludge and sludge with high alkalinity 
is able to buffer or resist changes in pH. Alkalinity is sometimes defined as a sum of all the 
titratable bases. The sludge alkalinity was measured based on the standard Method (APHA, 
1998) and was analysed by Thames Water main laboratory at Spencer House in Reading, UK. 
Alkalinity was determined by titration method; the pH value of 4.5 is used as an end point of 
chemical reactions during the titration process.  
  Determination of volatile fatty acids contents 4.5.5
VFA is a one of the important parameters that was used to monitor the sludge digestion 
process performance by operators and technicians. First, if there was a sudden glitch in the 
digestion process performance, the first sign of this malfunction would be the build-up of 
VFA concentration and this build-up was used as an indicator of the digestion process 
instability. Therefore, in this research work, the VFA concentration was regularly monitored 
%𝐕𝐒 =    (
((𝐖𝟑−𝐖𝟏)−(𝐖𝟒−𝐖𝟏))
(𝐖𝟑−𝐖𝟏)
) ∗ 𝟏𝟎𝟎                                                                      (4.3)              
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in conjunction with alkalinity and pH as a proper control tool for sludge digestion process 
stability monitoring. In this research work, two types of instruments were used for the 
analysis of VFA. These were instruments for measuring total VFA and individual VFA 
species. The total VFA and individual VFA species measurement are described as follows: 
a. Total VFA measurement:  
The instruments used for the measurement of total VFA was DR 2800 spectrophotometer 
and associated Thermostat (heating device). The VFA was measured using DR LANGE 
Cuvette test kits LCK 365A, LCK365B, LCK365C and LCK365D. 
The steps used to measure the total volatile fatty acid (VFA) concentration are:  
 First, sludge samples were centrifuged for 30 minutes at 4000 rpm 
 Second the thermostat (heating device) was heated to temperature of 100oC 
 Third, 0.4 ml of solution A (LCK365A) was pipetted into a cuvette and 0.4 ml of 
centrifuged sample was also pipetted into the cuvette.  
 The cuvette was closed and inverted few times and then heated in the pre-heated 
thermostat at 100
o
C for 10 minutes 
 After 10 minutes heating time, the thermostat was switched off and the cuvette was 
left to cool down to room temperature 
 The cooled down cuvette was opened and 0.4 ml solution B (LCK365B) was pipetted 
into the cuvette 
 Then, it was closed and inverted a few times, and 0.4 ml of solution C (LCK365C) 
was added into the cuvette, after which the cuvette was again inverted a few times 
  2 ml solution D (LCK365D) was added to the cuvette; the cuvette was closed and 
inverted a few times 
 Finally, 3 minutes after the addition of Solution D (LCK365D) into the cuvette, the 
cuvette was thoroughly cleaned and 3 repeated reading taken using DR-Lange 2800 
spectrophotometer. The average of these three reading was used and reported. 
The VFA concentration of sludge liquor nominally ranged between 2 mg/l to 1000 mg/l 
and the VFA concentration in solid sludge samples often ranged from 5 mg/kg to 2500 mg/kg. 
If the VFA concentration was found to be out of range, then dilution of the sample was 
required to bring the VFA concentration down within detectable range.  
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b. Individual VFA species measurement:  
Individual volatile fatty acids were measured using gas chromatography-flame ionization 
detector (HP6890 GC-FID, 2009) .This specialist measurement was conducted by a specialist 
laboratory technician at Thames water main laboratory in Spencer House, Reading, UK.  
The following liquid chromatography analysis procedure was used to analyse the 
individual VFAs species content of sewage sludge:  
 First, the VFA concentration of sewage sludge was separate into solid and liquid 
components by using centrifuge.  
 Afterwards, the individual volatile fatty acids were measured in the liquid part of 
sewage sludge by injecting in the gas chromatography-flame ionization detector 
(HP6890 GC-FID, 2009) system, where the individual VFA peak concentration level 
was detected.  
 Finally, total VFA concentration was calculated as a sum of all the individual VFAs 
analysed.  
For solid sludge samples, each sample was sonicated then centrifuged to separate the solid 
and liquid components of the sludge. 
4.5.6  Sludge constituents analysis Methods- extraction of SMP and EPS 
During both semi-continuous sludge digestion and Batch digestion experiments that 
followed, the sludge constituents were measured mainly as extractable carbohydrates and 
proteins related soluble microbial products (SMP) and extracellular polymeric substances 
(EPS). Sludges were separated into solid and solution phases, where SMP and EPS in the 
treated-digested sludge, conventional digested sludge and their associated feed types were 
analysed. Sludge sample was split into carefully labelled centrifuge tubes of 50 ml capacity 
per sludge types. All centrifuge tubes containing sludge samples were centrifuged at 4000 
rpm for 30 minutes.  
The supernatant from each centrifuged sludge type was composited in clean and labelled 
500ml cupped Schott Duran glass bottles per sludge type. This was then subjected to double 
filtration (using Glass microfiber filter, GF/B, ø 47mm, Cat No: 1821047 and glass membrane 
filter paper, 0.45 µm). The filtrate from the initial filtration process was analysed for 
carbohydrates and proteins related soluble microbial products (SMP).  
The solid palates left in the centrifuge tubes after the supernatant was withdrawn were 
topped up to 50 ml mark with deionised water in each of the centrifuge tubes. These were 
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then, mixed to dissolve and all their contents were scooped into thermo resistant cupped and 
labelled 500 ml Schott Duran glass bottles and heated in 80
o
C oven for 1 hour. The heated 
sample was withdrawn from an oven, cooled for 30 minutes and split into 50 ml labelled 
centrifuge tubes per sludge type. These were then centrifuged at 4000 rpm for 30 minutes. 
The supernatant from each centrifuge tube was composited in labelled and cupped clean 
500ml Schott Duran glass bottle. This was also subjected to double filtration (using Glass 
microfiber filter, GF/B, ø 47mm, Cat No: 1821047 and Glass membrane filter paper 0.45 
µm). This filtrate was then analysed for extractable carbohydrates and proteins related 
Extracellular polymeric substances (EPS). 
This analysis was carried out in order to establish or distinguish the substrate and biomass 
related carbohydrates and proteins degradation characteristics that took place during the 
anaerobic sludge digestion process. The performance of control and treatment digestion 
process configurations used in this research were monitored and compared in terms of the rate 
of sludge constituents’ degradation characteristics. It is worth to declare that the sludge 
constituents from this semi-continuous digestion experiment were jointly analysed by 
researchers in Thames Water innovation centre and the ‘Chemical Laboratory Bedford’.  
 
 Determination of Carbohydrates Related SMP and EPS  4.6
 
Carbohydrates related SMP and EPS were measured using Phenolic – sulphuric acid 
method (Dubois et al., 1956) in two stages. It is worth noting that this method is used only for 
the analysis of extractable carbohydrates and proteins but not for the analysis of total 
carbohydrates, as in this case the centrate was used and final sludge pallet was discarded. 
During the first stage of the analysis, SMP were measured to provide information mainly 
on substrate related carbohydrates and to some extent lysed microbial biomass related 
carbohydrates, whereas, during the second stage, EPS was measured in order to characterise 
lysed microbial biomass related carbohydrates.  
EPS represents the lysed microbial biomass carbohydrates. Extractable total carbohydrates 
were reported as the sum of SMP and EPS expressed in mg/l. First, a 1000 mg/l stock solution 
of D-glucose was used to prepare series of standards. 0.25 g of D-glucose was diluted in 250 
ml of distilled water in a flask. From this stock solution, standards of 0, 100, 200, 300, 400 
and 500 mg/l were prepared. A Hach-Lange DR2800 spectrophotometer was set to read 480 
nm wavelengths; it was zeroed with a blank, and used to read the absorbance of each 
  
 106  
 
standard. Their absorbance responses were plotted against concentration using an excel 
spreadsheet package to produce a calibration chart. This was then used to calculate the 
concentration of the samples. Second, samples were treated with 5% w/w phenol solution and 
concentrated sulphuric acid to produce a light to dark brown colorimetric reaction. A 0.4 ml 
of phenol was added to 0.4 ml of samples in a test tube. Finally, 2 ml of acid was added in the 
test tube carefully. This mixture was thoroughly shaken to obtain a homogenous mixture. The 
result was read after 10 minutes of standing time.  
Three readings were taken for each sample type (test tube) and the average of these was 
used for calculating the carbohydrate related SMP and EPS concentration from the standard 
calibration chart.  
 
 Methods used for the Determination of Proteins Related SMP and 4.7
EPS 
 
Proteins related SMP and EPS were measured using Ohnishi and Barr’s modification of 
Micro Lowry et al. (1951) method (Sigma Assay kit Cat. No: 69). This was carried out in two 
stages. At the first stage of the analysis, soluble microbial products (SMP) were measured to 
provide information on mainly substrate related proteins plus to some extent lysed microbial 
biomass related proteins content of the substrate. While during the second stage, EPS was 
measured. The extractable total proteins were reported as the sum of SMP and EPS expressed 
in mg/l. It is also worth noting that this method is used for the analysis of extractable proteins 
but not total proteins. 
First a calibration was carried out using a 1000 mg/l protein intermediate stock solution. 
Standards of 0, 250, 500, 750 & 1000 mg/l were prepared and analysed. The Hach-Lange 
DR2800 spectrophotometer was also used for this protein related SMP and EPS analysis and 
was first set to read 750 nm wavelengths. It was zeroed with a blank (0.85% Sodium chloride 
solution). The standard absorbance responses were plotted against concentration using an 
excel spreadsheet package to produce a calibration chart. This was then used to calculate the 
concentration of the samples. 
Second, sample volumes of 0.2 ml were mixed with 2.2 ml of Biuret reagent and left to 
stand for 10 minutes. After this period, 0.1 ml of Foline and Ciocateu’s reagents was added to 
each test tube and thoroughly mixed, kept at room temperature of 18-20C for further 30 
minutes.   After 30 minutes standing time, the content of each tube was transferred to cuvettes 
  
 107  
 
and analysed using the Hach-Lange DR2800 spectrophotometer. According to Wilson et al. 
(2009), the protein assay relies on the reduction of Cu
2+
 to Cu
+
 as it binds to peptide bonds in 
order to produce a colour-change reaction with Folin’s reagent. 
 
  Sludge Composition Analysis Methods 4.8
Sewage sludge composition in terms of carbohydrates, proteins, lipids, fibre and ash was 
determined using the Weende Proximate Analyses and standard methods (British Standard, 
1999).  However, fibre was determined using a Gerhardt Fibrebag Method No. AN-04-203, 
Gerhardt Analytical Systems (2010), Germany, that closely emulates official fibre standard 
analysis methods. The sludge composition analysis methods used for each determinands are 
shown below. 
 Proteins analysis 4.8.1
One gram of sample was digested with copper catalyst and concentrated sulphuric acid for 
1 hour at 420
o
C. Solution was cooled down and diluted with water. Subsequently, it was made 
alkaline (40% sodium hydroxide) and any liberated ammonia was steam distilled and captured 
in a boric acid solution with indicator. Titration with hydrochloric acid (0.1N) allows 
determination of nitrogen present within the sample. A conversion factor of 6.25 was used to 
convert nitrogen value to protein. 
 Lipids analysis 4.8.2
Sample was heated at 80°C with hydrochloric acid followed by subsequent extraction with 
diethyl ether and petroleum ether (40°C-60°C).  Solvent was evaporated and residue (lipids) 
was determined gravimetrically (British Standards 5766-18, 1999).  In this research, the lipids 
samples were analysed by Thames Water laboratory at Spencer House in Reading, UK. 
 Fibre analysis 4.8.3
Fibre was determined using the Gerhardt Fibrebag Method No. AN-04-203 (Gerhardt 
Analytical Systems (2010)), Germany), that closely emulates official fibre standard analysis 
methods. One gram of dried sample was hot digested with sulphuric acid and then with 
sodium hydroxide. The sample was then filtered, washed with distilled water, dried, weighed 
and then ashed. The loss of weight due to ashing was taken as the crude fibre content. The 
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fibrebag method allows multiple extractions to be performed in each boiling vessel. Filtration 
under vacuum and the problems that often occur using the Wandee method have been 
eliminated. Throughput of tests per hour was increased by a factor of six, accuracy and 
precision were improved (Gerhardt Analytical Systems, 2010).   
Crude fibre is an empirical method wherein the starch and sugars are removed by digestion 
in acid and the protein is removed by digestion in alkali. What remains is a measure of crude 
fibre. 
 Carbohydrates analysis: 4.8.4
Carbohydrates components of sludge were calculated as remaining solid, moisture, ash, 
protein and lipids have been determined.  
 
4.9 Data Handling and Statistical Analysis 
 
The sludge digestion process monitoring procedures and parameters calculation (data 
handling) and statistical data analysis methods used to measuring the performance differences 
between treatment and control digesters are described below. 
Correct data gathering and handling is essential for successful anaerobic digestion process 
optimisation. For example, the digester volatile solid load rate can be controlled or optimised 
using a combination of parameters such as the digester working volume, digester feed 
volume, feed dry solid and feed volatile solid content.  
During anaerobic digestion of sewage sludge, different parameters are known to influence 
the anaerobic digestion process. The anaerobic digestion process can be affected by the 
specific characteristics of sewage sludge used. These sludge characteristics include: primary 
sludge and activated sludge contents, blend of both, sludge composition (proportion of sludge 
carbohydrates, proteins, lipids, and sludge solid concentration). The anaerobic digestion 
process can be also affected by the environmental factors such as digester temperature, pH, 
and alkalinity and by operational factors such as sludge hydraulic retention time and sludge 
feeding regime control philosophy adopted. In order to sustainably run and optimise the 
anaerobic digestion process, the parameters involved have to be measured and determined. In 
this research program, some of the important parameters monitored and determined were: 
 Digester hydraulic retention time (HRT) 
 Digester feed dry solid 
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 Digester feed volatile solid 
 Sludge chemical properties (pH, alkalinity, and VFA) 
 Sludge important nutrient contents ( Ammonical nitrogen and total P) 
 Digester volatile solid loading rate (VSLR) 
 Sludge volatile solid reduction (VSr) 
 Daily biogas production 
 Specific biogas yield 
 Digester temperature 
 Hydraulic Retention Time (HRT) 4.9.1
Considering that the semi-continuous digesters used in this research behaved as completely 
mixed reactors, the solid retention time (SRT) is equal to the digester hydraulic retention time 
(HRT) used; the HRT is measured in days. The HRT is a measure of residence time of sludge 
in the digester. It counts a time (day) of sludge feeding to a time (day) of its withdrawal from 
the digestion process; the amount fed and withdrawn must be equal. In this study, the digester 
hydraulic retention time was calculated based on digester working volume (V measured in 
m3) and the sludge daily feed rate (Q also measured in m3). The hydraulic retention time 
(HRT) was calculated as: 
 
𝐇𝐑𝐓 =         
𝐕 (𝐦𝟑)
𝐐 (𝐦𝟑𝐩𝐞𝐫 𝐝𝐚𝐲)
                                                                              (4.4)                               
 
Where HRT: hydraulic retention time (days), V: digester working volume (m
3
) and Q: daily total digester feed 
volume (m
3
d
-1
). 
 
Note: One must distinguish between digester total volume and digester working volume 
(usually good digester working volume is set at 85% of the total digester volume, to give room 
for sludge and digester foam expansion. 
  Digester Volatile Solid Loading Rate (VSLR) 4.9.2
The VSLR is the amount of food provided to the bacteria in an anaerobic digester per 
digester capacity per day. The load is highly dependent on sludge feed dry solid content, its 
volatile solid content and daily feed volume.  Therefore, these have to carefully managed and 
balanced. 
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The digester volatile solid load rate (VSLR measured in kg VS/m
3
 d
-1
) was calculated 
using the following formula: 
 
 
 
 
Where Feed %ds is feed percentage dry solid content, Feed %vs is feed percentage volatile solid content, V is 
digester working volume (m
3
), and Q is daily total digester feed volume (m
3
d
-1
). 
  Sludge percentage Volatile Solid reduction (VSr) 4.9.3
Volatile solid reduction during anaerobic digestion process is often calculated using two 
different methods. These are mass balance method and Van Kleeck method. The mass balance 
method estimates the difference between the mass of raw sludge solid entering the digester 
and the mass of digested sludge solid leaving the digester.  
In this research, the Van Kleeck method is used considering the semi-continuous digestion 
process used in this work as a completely mixed tank and that no fixed solid and grit 
deposition was expected. The only loss assumed was a volatile solid loss due to its conversion 
to biogas.  It is also considered that the volatile solid converted to biomass is being captured 
in the digested sludge volatile solid calculation as the biomass is killed and incorporated in 
the digested sludge during the drying process used. The VSr was calculated using the Van 
Kleek method as:  
 
 
 
 
Where % VSr is volatile solid percentage reduction, VSF is volatile solid in the sludge feed used in a form of 
decimal, e.g. if 80% VS was measured, this was used as 0.8 instead and VSD is volatile solid in the digested 
sludge used in a form of decimal e.g. if 60% VS was measured, this was use as 0.6 instead.  
   Specific biogas yield (SGY) calculation 4.9.4
The biogas produced per tonne of sludge dry solid feed to the digester was used as a bench 
mark (tool) for comparison between different sludge treatments configurations used.  The 
particular question asked here was, that how much biogas (q m3/day) was possible from a 
tonne of sludge fed to a digester?  The answer to this question was found by calculating the 
𝐕𝐒𝐋𝐑(
𝐤𝐠
𝐦𝟑 𝒅𝒂𝒚
) =         
𝐐 (
𝐦𝟑
𝐝𝐚𝐲
)∗𝐟𝐞𝐞𝐝 %𝐝𝐬∗𝐟𝐞𝐞𝐝 % 𝐯𝐬∗𝟏𝟎𝟎𝟎
𝐕 (𝐦𝟑)
                                                    (4.5)                              
(4.5)          
%𝐕𝐒𝐫 = (
(𝐕𝐒𝐅−𝐕𝐒𝐃)
(𝐕𝐒𝐅−(𝐕𝐒𝐅∗𝐕𝐒𝐃))
) ∗ 𝟏𝟎𝟎                                                                   (4.6)                      
(4.7) 
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specific biogas produced with respect to tonne of dry solids (TDS) fed. This was calculated 
as: 
 
 
 
Where SGY is specific gas yield (m3/TDS fed), q is quantity of biogas produced (m
3
d
-1
) and TDS is tonne of 
sludge feed dry solid (d
-1
). 
   Sludge dewatering polymer dosing rate calculation 4.9.5
𝐕𝐒𝐋𝐑(
𝐤𝐠
𝐓𝐃𝐒 
) =         
𝐐𝐩 (
𝐥𝐢𝐭𝐫𝐞
𝐡𝐨𝐮𝐫
)∗𝐩𝐨𝐥𝐲𝐦𝐞𝐫 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 ( %)
𝐐𝐒 (𝐦𝟑∗𝐬𝐥𝐮𝐝𝐠𝐞 % 𝐃𝐒
                                               (𝟒. 𝟖)    
 
Where Qp is polymer flow litre per hour, Qs is sludge follow m
3
 per hour                                
 
 Kinetic Reaction Rates 4.10
The results from the experimental runs (concentration of each sludge constituent related 
biopolymer and time) obtained from the batch digesters were plotted in three different graphs, 
which assume a different order of reaction – namely: 
 Zero order :  C vs. t      
 First order: ln (Ct/C0) vs. t or ln C vs t 
 Second order:  1/Ct – 1/ C0 vs. t     
Where C is sludge constituent related biopolymer concentration, (mg/l), and t is sample collection time, Ct  is  
sludge constituents related biopolymer concentration at time (t) and C0 is initial concentration of sludge 
constituents related biopolymer at time zero (t0). 
The stepwise sludge organic matter degradation characteristics were best described by first 
order kinetics using the formula ln C vs. t. Plot of natural log of organic matter content vs. 
time linear graph that contained negative slope indicating first order reaction. Other kinetics 
calculation methods such as Coulson and Richardson, (1979) cited in Gonzalez, (2006) were 
used, but this gave a straight line graph, but did not describe the stepwise sludge organic 
matter degradation process.  
 𝑆𝐆𝐘 =  
𝐪 𝐦𝟑𝐝−𝟏
𝐓𝐃𝐒 𝐝−𝟏
                                                                             (4.7) 
        
  
 112  
 
 Rate constants 4.10.1
Depending on the digestion types used (semi-continuous or batch), calculation could be 
made using the initial concentration of sludge constituent related biopolymers in the feed, 
concentration in the digested sludge  and the retention time used or initial concentration of 
sludge constituent related biopolymers in the feed and number of data points sampled in the 
digesting sludge. The rate constants in the semi-continuous digestion experiment were 
measured assuming first order reaction and completely mixed system. For the semi-
continuous digestion process, the kinetic constants were calculated using first order equation 
proposed by Judd (2013):  
 
 
 
 
Where t is ultimate or steady state semi-continuous anaerobic digestion HRT (days) and k is rate constant (per 
day); to determine k, first the percentage substrate removal rate due to anaerobic digestion process needs to be 
established. 
The rate constants in the batch digestion experiments were calculated based on graphs 
plotted for the determination of the order of reaction and the selection of the best fitting series 
of data points to a straight line. The values of the kinetic rate constants were calculated using 
first order equation shown above as: 
First order: ln C vs. t 
The results obtained using the first order equation proposed by Judd (2013) are presented 
and in chapter Six, whereas the results calculated by first order equation are presented in 
chapter Seven. 
 
  Statistical Analysis 4.11
In this research, a balanced experimental design was used .The parameters measured and 
determined from this balanced experimental design used allowed the use of descriptive 
analysis, including a screening step for extreme outliers. Also due to the balanced 
experimental design used, the data normality and homogeneity was expected. In this research, 
SPSS 21 software based one-way Analysis of Variance (ANOVA) and post-hoc test were 
Ln (Ct/C0) = -kt                                        (4.9) 
k = -Ln (Ct/C0)/t                                        (4.10) 
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used in order to investigate the differences between the parameters measured and determined 
from the different sludge treatment configurations studied.   
 Statistical hypothesis test methods used 4.11.1
In this investigation two statistical hypothesis test methods and three stages of analytical 
procedures were used. These are:  
a) H0: Null hypothesis - all group means are equal and 
b) H1: Alternative hypothesis - at least one group means is different 
The above statistical hypothesis tests were investigated using the following analytical 
procedures: 
a. Descriptive statistics for the different groups studied 
b. The statistical significance of the one-way ANOVA result (null and alternative 
hypothesis significance testing) 
c. Differences and 95% confidence intervals between individual groups 
 Assumptions and order of testing 4.11.2
For the use of one way ANOVA, the following assumptions and the order of testing for 
these assumptions are listed (Pallant, 2010): 
a. There are no outliers in any of the parameters from the groups studied 
b. Each group’s data is approximately normally distributed 
c. The parameters assessed  in each group have equal variances ( called homogeneity of 
variance) 
If the assumption of homogeneity of variance was violated, a modified version of the 
ANOVA was used (welch ANOVA). The assumption of homogeneity of variances of whole 
group was assessed by Levene’s Test. The significant level of Levene’s test was to determine 
if variances were equal. A significant level smaller than 0.05 indicated the violation of 
assumption and in this situation a Welch ANOVA was carried out instead; otherwise, a 
normal ANOVA test was conducted. Overall, a post-hoc test was carried out for groups with 
significant difference shown by one-way ANOVA test.  There are many post-hoc options of 
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test in SPSS 21 such as LSD, Turkey, Duncan etc., (equal variance assumed) and Games-
Howell (equal variance not assumed). It is important to note, that one – way ANOVA is fairly 
robust to violations of normality, which means the normality can be violated and still provide 
valid results (Maxwell and Delaney, 2004). According to Lix et al. (1996), the ANOVA test 
is also fairly robust to deviations from normality for equal or nearly equal sample size. 
Furthermore, the assumption of normality of group parameter was assessed by Shapiro-Wilk’s 
test of normality (Lix et al., 1996). Box plot was also used for detecting outliers in each 
group.  
 Comparison steps 4.11.3
a) Compare normalised mean biogas production values obtained from ITHP 
(MAD+THP+MAD) to Control-Double MAD (MAD+MAD) and declare significant 
difference or otherwise 
b) Compare normalised mean biogas production values ITHP to CMAD and declare 
significant difference or otherwise 
c) Compare normalised mean biogas production values ITHP to THP and declare 
significant difference or otherwise  
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CHAPTER 5 
 RESULTS AND DISCUSSIONS 5.
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 Introduction 5.1
In this work the results and discussions section is divided into three chapters: Chapter Five, 
Chapter Six and Chapter Seven. Chapter Five discusses on results obtained from semi 
continuous anaerobic digestion operational process parameters monitoring and Chapter Six 
looks at the changes in biopolymer content of thermally treated and untreated sludges during 
semi-continuous anaerobic digestion process. Whereas, Chapter Seven discusses on data 
obtained from Batch anaerobic digestion experiments that look at thermally treated and 
untreated sludges digestibility and biodegradability kinetics.  
 
  Semi-continuous Anaerobic Digestion Experiment 5.2
 
In this chapter, the anaerobic digestion performance  results from the ITHP configuration 
(MAD+THP+MAD) were compared with those  obtained from three other sludge treatment 
configurations, namely the Double MAD configuration (MAD+MAD), THP configuration 
(THP+MAD) and conventional MAD (CMAD) configuration.  
The following performance parameters were evaluated: 
 Digester HRT, digester volatile solid loading rate, sludge feed dry solid and feed 
volatile solid contents 
 sludge pH, alkalinity, VFA and their interactions  
 Overall sludge anaerobic digestion process efficiency 
 Pathogen kill rate and sludge dewaterability  
 Impact on extractable sludge biopolymers  - extracellular polymeric substances (EPS) 
and soluble microbial products (SMP)  as particularly high amount EPS is known to 
negatively impact on sludge dewaterability and digestibility (section 3.8). 
Detailed results of statistical analysis using SPSS 21 software based one-way ANOVA 
analysis method and post-hoc test (Chapter 4) with discussions on data used are presented in 
Appendix A.  
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5.3 Effect of ITHP Configuration on Sludge Characteristics 
 
The following section compares the impact of ITHP, THP, DMAD and CMAD 
configurations on digester feed sludge dry solid content. 
5.3.1  The impact ITHP configuration on sludge feed dry solids  
Table 5.1 shows the statistical analysis performed on weekly average sludge feed dry 
solids content used in all the digestion configurations investigated (thermally treated and 
untreated). A complete set of sludge feed dry solid content results along with a complete 
statistical analysis results are presented in Appendix A, section 10.1. 
 
Table (5.1)  Descriptive statistical data analysis performed on the impact of ITHP and other 
configurations on sludge feed percentage dry solid content.  
Treatment 
configurations N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 8.96 2.28 0.36 8.24 9.69 4.8 12.6 
THP 40 8.27 1.93 0.31 7.66 8.89 4.6 11.1 
DMAD 40 8.68 2.21 0.35 7.97 9.39 5.0 12.5 
CMAD 40 5.41 0.46 0.07 5.27 5.56 4.2 6.0 
Total 160 7.83 2.34 0.18 7.47 8.20 4.2 12.6 
 
 
The feed dry solids contents used in ITHP, THP, DMAD and CMAD configurations were 
8.96% (± 2.28%), 8.27% (± 1.93%), 8.68% (± 2.21%) and 5.41% (± 0.46%) respectively. The 
data in Table 5.1 shows the order of feed dry solid content increase in the ITHP, DMAD, 
THP, and CMAD configurations were 8.96% (± 2.28%), to 8.68% (± 2.21%), to 8.27% (± 
1.93%), to 5.41% (± 0.46%) in that order. 
The thermal hydrolysis of higher dry solids content sludge (16% DS) produced 
correspondingly higher hydrolysed sludge feed dry solid content ranging circa 5-12% DS and 
required lower steam consumption. The steam consumption of ITHP reactor was normalised 
to between 1 to 1.2 kg per TDS treated from week 26 to week 40, whereas the steam 
consumption in the THP configuration ranged from 1.1-1.7 kg per TDS treated.  
According to Kepp et al. (1999a), under thermal hydrolysis condition cell water is freed, 
sludge viscosity reduced and this causes the sludge with 12% DS to be handled in the same 
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way as raw the sludge with 5-6% DS content. The same authors stated that thermal hydrolysis 
allows higher solids load digestion process, higher buffering capacity and a stable digestion 
process.  Kepp et al. (1999a), also reported stable digestion when hydrolysed sludge with 10-
12 % DS was fed to mesophilic anaerobic digester. These authors statement is in agreement 
with findings from this research work. 
5.3.2  The effect of ITHP and other configurations on sludge feed volatile solids  
The variation in sludge feed VS contents are shown in Figure 5.1 throughout the 
experimental period of 40 weeks. A complete set of sludge feed volatile solids content results 
along with a complete statistical analysis results are presented in Appendix A, section 10.2. 
Figure 5.1 also shows identical sludge VS content in the THP and CMAD configuration 
and that of ITHP and DMAD configuration. 
 
 
 
Figure (5.1) Comparison of sludge feed volatile solids used in the digestion 
configurations investigated. 
 
Table 5.2 shows the weekly average sludge feed volatile solids ranges used in the sludge 
digestion configurations types used.   
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Table (5.2) Descriptive statistics performed on sludge feed volatile solids used in the sludge 
digestion configurations investigated (%VS). 
 Descriptive 
statistics N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence Interval 
for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 63.199 1.5081 .2385 62.716 63.681 60.1 66.0 
THP 40 76.723 1.0983 .1737 76.371 77.074 74.3 78.4 
DMAD 40 63.181 1.5134 .2393 62.697 63.665 60.1 66.0 
CMAD 40 76.724 .9513 .1504 76.420 77.028 74.7 78.4 
Total 160 69.957 6.9076 .5461 68.878 71.035 60.1 78.4 
 
 
The average feed volatile solids for the ITHP, THP , DMAD and CMAD configurations 
were 63.2% (±1.51%), 76.72% (±1.10%), 63.18% (±1.51%),  and 76.72% (±0.95%) 
respectively.  
 This data shows that, on average, the thermal hydrolysis process did not significantly 
change the volatile solids of sludge in the THP and is similar to that of untreated CMAD 
sludge feed volatile solids. Both showed similar average sludge feed volatile solid of 76.72% 
VS. Similarly, when thermally hydrolysed digested sludge feed to the ITHP configuration and 
un-hydrolysed digested sludge feed to the DMAD configurations were compared, they 
showed similar average sludge feed volatiles solids of 63.2% and 63.18% respectively.   
However, the overall statistical significance test shows that there is significant difference 
(p < 0.01 ) between the sludge feed volatile solids used in the ITHP, THP, DMAD and 
CMAD configurations, (Table 10.11A, section 10.2, Appendix A). This extended sampling of 
sewage sludge for volatile solids shows that there was slight variation in sludge volatile solids 
in all digestion configurations used showing rise and fall over the sampling period (Figure 
5.1), perhaps indicating seasonal variation. 
 For high solids anaerobic digestion process such as sewage sludge, digester loading is 
better described by VS content than chemical oxygen demand (COD) which is more suited for 
dilute wastes. The stability of anaerobic digestion process and rate of gas production are both 
dependent upon organic loading rates (Bishnoi, 2012).  
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Acknowledging these facts, in this research work, the digester volatile solids loading rate 
(Table 5.7) was monitored and controlled mainly by using the sludge volatile solids measured 
in reactor feed cake before thermal hydrolysis process and in the digestate. The sludge feed 
contains not only sludge volatile solids; it also contains solubilised sludge volatile solids in a 
form of VFA. In the following section, the impact of ITHP and other sludge digestion process 
configurations on sludge VFA content are compared and discussed.  
5.3.3  Impact of ITHP configuration on sludge feed total VFA concentration  
The weekly average total VFA profiles monitored in the sludge feed types used are shown 
in Figure 5.2 and the average values and ranges are shown in Table 5.3. The complete sets of 
results associated with this section are presented in Appendix A, section 10.8. Although 
CMAD and THP configurations both used sludge from the same source, they showed 
differences in their sludge feed VFA concentration probably due to the sludge dewatering 
process used in the THP configuration. This comparison of sludge VFA content in the THP 
feed and CMAD feed showed the loss of VFA during sludge dewatering process, similar 
finding was reported by Vorgstrom (2011).  
 
 
Figure (5.2) VFA concentration of all sludge feed types investigated. 
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Table ( 5.3)  VFA content of all sludge feed types used. 
Digestion configuration types Average VFA  concentration (mg/l) VFA concentration ranges(mg/l) 
Conventional MAD (CMAD) 3341*  2551 - 4130 
DMAD (MAD+MAD) 76*  30 - 122 
ITHP (MAD+THP+MAD) 1271*  392 - 2150 
THP (THP+MAD) 2398*  906 - 3889 
N, sample size = 40; * the difference in VFA concentration is due to VFA losses experienced during dewatering 
process used and steam extraction of interstitial VFA during THP process . 
 
From Table 5.3, it is important to note that the average sludge feed VFA concentration used 
in the ITHP configuration feed (1271 mg/l) was higher when compared to DMAD feed (76 
mg/l VFA) . The data also shows that the sludge feed to the CMAD configuration had an 
average VFAs concentration of 3341 mg/l, while the THP sludge feed had 2398 mg/l.  
The variation (difference) in the VFAs concentration seen between these two feeds types 
was due to the VFAs loss experienced as a result of sludge dewatering process used during the 
feed preparation for thermal hydrolysis process. VFA losses can also take place when hot 
thermally hydrolysed sludge was flashed out with the foul steam.  
To prevent this occurring in the experiments, the hydrolysed sludge was cooled down to 
below 100
o
C before it was discharged from the flash tank which prevented the loss of VFA. 
The VFA loss monitored from flash tank as a steam is shown in Table 5.4. The feed in the 
ITHP configuration showed higher VFA concentration compared to DMAD configuration due 
to thermal hydrolysis involved causing distillation of organics to VFA.  
The significant of this data is that it shows that VFA is not lost due to thermal hydrolysis 
process if well controlled. The VFA loss can be prevented if the hydrolysed sludge was cooled 
down before discharging the foul gas as a result of organic volatiles distillation, steam 
condensation and conversion to liquid phase. However, in full scale CAMBI process, steam is 
compressed and put back into the digesters so the loss of VFA could not be expected. 
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Table (5.4) VFA content in the flash tank steam content before and after sludge cooling 
process (data average of 3 tests each). 
Digestion configuration types Steam VFA   concentration (mg/l) 
before sludge cooling in the flash 
tank 
Steam VFA   concentration 
(mg/l) after sludge cooling in the 
flash tank 
ITHP (MAD+THP+MAD) 60 mg/l Not enough condensate 
THP (THP+MAD) 59 mg/l Not enough condensate 
 
 
The data in Table 5.4 shows that the loss of VFA from hydrolysed sludge can be 
eliminated by simply cooling the hydrolysed sludge down to below 100
o
C before discharging 
it.  
5.3.4 Impact of ITHP on sludge feed alkalinity 
Figure 5.3 shows the sludge feed alkalinity concentration of ITHP, THP, DMAD and 
CMAD configurations used. Summary of sets of results associated to this section are 
presented in section 10.8, in Appendix A. The data in figure 5.3 shows that there was higher 
alkalinity content in the ITHP feed, possibly indicating the impact of thermal hydrolysis 
process on the digested sludge proteins content. When the residual solid was subjected to 
thermal hydrolysis, it produced enhanced high alkalinity concentration due to protein 
degradation to amino acids and then to ammonium bicarbonate. After the initial 9 weeks, the 
alkalinity concentration was reduced, but still stayed variable. 
The data shows that the average alkalinity concentration in the ITHP configuration feed 
was 3664.3 (±1299.6) and that of THP feed was 2339.8(±551.5). In contrast the THP 
configuration feed showed slightly lower alkalinity concentration when compared to the 
alkalinity concentration of ITHP feed. The alkalinity concentration of CMAD was 
2464.5(±297.9) that of DMAD was 2430.5(±493.4). The alkalinity concentration of CMAD 
was within expected range, but the alkalinity concentration of DMAD was low because of the 
way the sludge feed was prepared; DMAD feed was dewatered which perhaps means 
dissolved alkalinity was washout. This data confirms the fact that bulk of alkalinity present in 
an anaerobic digester is generated by the sludge digestion process rather than due to external 
input.   
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Figure (5.3)  Impact of treatment configurations on sludge feed alkalinity. 
In the preceding section the digester input parameters were discussed and in the following 
section, the digestion process parameters and outputs such as changes in digester HRT, 
digested sludge dry solids and volatile solids contents are discussed.  
 
5.4 Effect of ITHP on Process Operational Parameters 
 
5.4.1  Effect of ITHP on digester hydraulic retention time (HRT)  
Table 5.5 shows the weekly average hydraulic loading rates of ITHP configuration in 
comparison with the control (DMAD) and two other conventional digestion configurations 
investigated. 
  
Table (5.5)  Average digester hydraulic retention time (HRT) used for treatment and control 
digesters. 
Digester configuration types Average HRT (Days) 
initial 2 weeks period 
Average HRT (Days)  
from period week 3 to 
week 23 
Average HRT 
(Days)  from period 
week 23 to week 40 
ITHP (MAD+THP+MAD) – 
treatment 
18 16 12.5 
DMAD (MAD+MAD) – main 
Control to ITHP 
18 16 12.5 
Conventional MAD (CMAD) – 
used for comparison 
18 18 15.6 
THP (THP+MAD) – used for 
comparison 
18 18 13.6 
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Initially, the digesters were run at 18 days HRT which was considered as an optimum 
residence time for effective digestion and biogas production. While this was adequate for the 
CMAD and THP configurations, this caused a low VS load in the ITHP and control DMAD 
configurations due to a low digester feed volatile solid content in their respective sludge feed 
(already digested sludge) types used. As a result, during week 3, the HRT in these two 
digestion configurations was reduced to 16 day. This action increased the overall combined 
digester retention time (HRT) to 32 days for the ITHP (i.e., 16 day HRT in the first full-scale 
stage MAD and 16 days HRT in the laboratory scale second stage digester (THP+MAD).  
On the other hand, the digester HRT in the conventional MAD (CMAD) and THP 
configurations was kept unchanged at 18 days HRT. This was reasonable as the feed to these 
two digesters contained higher volatile solids content and had allowed sufficient amount of 
volatile solids loading rate.   
According to Degremont (1973), cited in Drawnel (2010), the time required for sludge 
digestion often depends on the rate at which the microorganisms reproduce. The author 
reported that the minimum theoretical HRT required for complete sludge mesophilic 
anaerobic digestion process was 30 days.  
In contrast, in this experiment, the HRT of 18 days was considered optimum as it allowed 
relatively robust biomass growth rate (Barber, 2002) and for sludge volatile solid reduction 
during conventional MAD process.  For the ITHP and DMAD configurations, however, 16 
days HRT provided a reasonable digester volatile solid loading, i.e., both configurations 
needed to run at lower than optimum HRT for the conventional MAD and THP 
configurations, because the ITHP and DMAD configurations were hydraulically limited.  
At longer HRT these digesters (2
nd
 stage MAD of ITHP configuration and 2
nd
 stage of 
DMAD) were under-fed thus they needed to run at relatively shorter HRT than THP and 
CMAD configurations used in this research work. However, overall the ITHP 
(MAD+THP+MAD) and DMAD (MAD + MAD) configurations benefited from an increased 
HRT than THP and CMAD configurations.  
The ITHP and DMAD configurations were run between 28.5 – 32 days HRT (16 day HRT 
in full scale plant at Basingstoke STWs and 12 – 16 day HRT in the laboratory scale 
digesters), while the THP and CMAD were both run at 13.6 and 15.6 days respectively. The 
HRT used in the ITHP configuration is in agreement with Degremont (1973) reported HRT 
values, cited in Drawnel (2010). 
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5.4.2  Impact of ITHP configuration on digested sludge dry solid content 
Figure 5.4 shows the digested sludge dry solid content measured in the digestion 
configurations studied. Complete sets of digested sludge DS content raw data along with their 
summary of the results of the statistical analysis are presented in section 10.4, Appendix A. 
The average digested sludge DS obtained from the ITHP configuration compared to that of  
DMAD, THP, and CMAD configurations were 5.7, 5.3, 4.4 and 3.3 % DS respectively. The 
digester feed dry solid was gradually increased to provided gradual and stable digestion 
process and test the solid load limits of each digestion configuration with exception of 
CMAD. Compared to the sludge feed dry solid contents shown above, the ITHP, THP 
CMAD, and DMAD configuration achieved 40, 50, 40, and 40% DS content reduction 
respectively.  
However, the long term sampling for DS content in the digestion configurations used 
showed variation in the digested sludge DS content; this being due to the effect of planned 
stepwise changes in the sludge feed dry solid content used for gradual ramping up of the 
digester volatile solid loading rate.  
 
 
Figure (5.4)  Digested sludge dry solids obtained from all the digestion configuration 
types compared. 
 
The statistical data analysis showed that there was statistically significant difference (p < 
0.05) between the ITHP, THP, DMAD and CMAD configurations treated digested sludge DS 
(Section 10.4 in Appendix A). The reason for this observed range difference was possibly 
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related to the slow sludge solid ramping up strategy used during the digester commissioning 
process, i.e., the load was gradually increased over the duration of this research work.  
Alternatively, the anaerobic digestion process efficiency could best be assessed by the 
extent of changes in sludge VS than sludge DS content (Shana et al., 2011; Shana et al., 
2013). In these experiments the VS data was monitored by taking sludge sample from the feed 
cake (before hydrolysis) and on digestate (stabilised sludge) biosolids. In the following 
section the sludge VS data measured in all the digestion configurations investigated is briefly 
discussed. 
5.4.3  Impact of ITHP configuration on digested sludge volatile solid output 
Figure 5.5 shows the long term trends of digested sludge VS in the 4 digestion 
configurations studied. By and large, Figure 5.6 shows the process stability during the course 
of the experimental runs. The complete sets of sludge VS results along with their summary of 
the statistical analysis results are presented in section 10.5, Appendix A.  It is important to 
note that the lower the digested sludge VS content the better the overall sludge digestion 
process efficiency. 
 
 
Figure (5.5)  Profile of digested sludge volatile solid obtained from digesters. 
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Table 5.6 shows a summary of descriptive statistical analyses of the digested sludge VS 
obtained from all the digestion configurations investigated.  
 
Table (5.6)  Statistical analysis performed on digested sludge VS. 
Descriptive analysis of digested sludge percentage volatile solid 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
THP 40 63.6775 2.08579 .32979 63.0104 64.3446 60.30 69.40 
CMAD 40 64.2250 .80471 .12724 63.9676 64.4824 62.80 66.00 
DMAD 40 60.4025 2.76781 .43763 59.5173 61.2877 56.80 65.40 
ITHP 40 54.2150 1.14232 .18062 53.8497 54.5803 52.20 56.10 
Total 160 60.6300 4.40211 .34802 59.9427 61.3173 52.20 69.40 
 
 
The data in  in Figure 5.5 and Table 5.6 show that the average digested sludge VS 
measured in the THP, CMAD, DMAD and ITHP configuration were 63.68% (± 2.1%), 
64.23% (± 0.8%), 60.40%(± 0.2.8%), and 54.22% (± 1.1%) respectively. The data indicates 
that the ITHP configuration had the lowest average %VS than other configurations. This 
indicated that the ITHP configuration had a significant impact on sludge VS reduction 
compared to the other three configurations investigated.  
The statistical analysis of digested sludge VS showed that there is statistically significant 
difference (p < 0.05) between the ITHP, THP, DMAD and CMAD configurations (Table 
10.29A, section 10.5 in Appendix A). This data is in line with report by Barber (2003). This 
author reported the digested sludge VS achieved as low as 50%, when thickened sludge with 
10% DS was sonicated and anaerobically digested.  
In the experimental runs, the THP and CMAD configurations were fed with sludge feed 
containing equal amount of VS content. Similarly, the ITHP and DMAD configurations were 
also fed with sludge feed containing equal amount of VS (Figure 5.1 shown above). Shana et 
al. (2011 and 2013) first reported that when two separate mesophilic anaerobic digesters were 
fed with a thermally hydrolysed sludge and un-treated raw sludge feed (both containing equal 
amount of VS range (76-78% VS), they produced similar VS content in their respective 
digestates (60 - 65%).  
This reported data is included in this work. From these results, it can be stated that the 
conventional THP configuration does neither have significant impact on sludge VS nor causes 
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significant VS reduction, but it enables the effective use of digestion reactor capacity in terms 
of enhanced digester solid throughput. The cause of this reduced impact on digested sludge 
VS could be attributed to the relatively low digester HRT (12 -18 days) used in the THP 
configuration. The ITHP configuration provides elevated digester HRT due to the two stage 
digestion process involved in the ITHP configuration (MAD
 stage1
 +THP +MAD
stage2
). 
From the VS data obtained, it was observed that about 15% (percentage point) reduction in 
sludge VS was achieved in the THP and CMAD configurations (i.e., average sludge VS 
content in the feed of 76% to 61% VS in the digested sludge). Compared to the ITHP 
configuration, digested sludge volatile solid of 54%, there was 22% point reduction in the 
sludge VS. This was achieved as a result of the combined impact of thermal hydrolysis 
treatment process and the overall 28.5 days HRT used in the ITHP (MAD
 stage1
 +THP 
+MAD
stage2
) configuration, i.e., 16 days HRT on site primary digestion process plus additional 
average HRT of 12.5 days (Table 5.5).  
The amount of sludge volatile solid fed to the digester can also be described well by the 
amount of digester volatile solid loading rate used which is describe in the next section.  
5.4.4 Effect of ITHP configuration on digester volatile solids loading rate  
Table 5.7, illustrates the average organic matter loading rates used in the ITHP, THP, 
DMAD and CMAD configurations studied.  
The complete sets of results along with a complete statistical analysis associated with this 
section of chapter five are presented in section 10.3 of Appendix A. 
 
Table (5.7)  Statistical analysis of average weekly digester volatile solid loading rate 
(expressed in kg VS/m
3
/day). 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
THP 40 4.4625 1.59385 0.25201 3.9528 4.9722 2.00 7.40 
ITHP 40 4.0800 1.35820 0.21475 3.6456 4.5144 1.70 7.00 
DMAD 40 3.9800 1.33881 0.21168 3.5518 4.4082 1.80 7.00 
CMAD 40 2.4975 0.22244 0.03517 2.4264 2.5686 1.80 2.90 
Total 160 3.7550 1.44583 0.11430 3.5293 3.9807 1.70 7.40 
 
The data shows that the average digester volatile solids loading rate used in the ITHP, 
THP, DMAD and CMAD configurations were 4.08 (± 1.36), 4.46 (±1.59), 3.98 (±1.34), and 
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2.5 (±0.22) kg VS/ m
3
 per day respectively. When the average volatile solids loading of ITHP 
and THP configurations were compared, the THP showed slightly higher VS loading rate, but 
this difference was not considered significant. On the other hand, when the average VS 
loading of ITHP and DMAD configurations were compared, they both had nearly same VS 
loading rate, indicating no significant difference.  
However, the statistical analysis of VS loading rate data obtained from all the digestion 
configurations showed that there is statistically significant difference (p < 0.05) between the 
mean digester volatile solid loading rates used in these digestion configurations investigated 
(Table 10.17A in Appendix A). These statistical significant differences were expected 
particularly as the VS loading rate in the THP and ITHP configurations were about 2 times 
more than that of CMAD configuration.   
The minimum digester VS loading rates shown in Table 5.7 above were used during 
digester commissioning period and the digester volatile solid load was gradually ramped up in 
order to assess the impact of increased VS loading rate on the overall anaerobic digestion 
process efficiency. This gradual VS load ramping up was used in order to understand the 
process limits and the optimum operating range.  
The ITHP configuration used resulted in enhanced VS loading rate that was similar to that of 
the THP configuration (4-7 kg VS/m3 per day) because of the ability of the thermal hydrolysis 
process to reduce the sludge rheology which allowed higher digester volatile solid loading rate 
than normally used in the conventional mesophilic anaerobic digestion process (Kepp et al, 1999a 
and 1999b; Panter, 2008).  
At maximum volatile solid loading rate, both the ITHP and THP configurations showed 
reduced anaerobic digestion process performance. The reduction in the digestion process 
efficiency in terms of %VSr (section 5.4.5) and biogas yield production (section 5.5) was more 
pronounced in the THP than the ITHP configuration. 
The use of volatile solid loading as a digester feeding control parameter provided the 
flexibility to fine tune the digester volatile solid loading rate and test the digestion process 
performance limits without washing out the bacteria population (Horan et al., 2011). By 
varying the sludge feed dry solid content and feed volume, the organic loading rate was 
gradually changed. According to Horan (2014), the digester volatile solid loading rate is a 
dependent variable and function of digester HRT and sludge dry solid concentration. Sudden 
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reduction in digester HRT and increase in digester organic loading rate has been linked to 
reduction in AD performance. 
 According to Bishnoi (2012), at higher digester volatile solid loading rate, the CMAD 
process often becomes unstable because of the excessive production of volatile fatty acids 
(VFAs). However, in recent years, it has been reported that anaerobic digestion of thermally 
hydrolysed sludge is more tolerant to much higher VS load and achieves healthy digestion 
process. Kepp et al. (1999b) observed stable digestion of thermally hydrolysed sludge 
digestion process at much higher volatile solid loading rate reporting higher VFA 
concentration of 60 mmol /l, which is equal to 1929 mg/l. The sludge VSr data monitored 
during period of this research program is discussed in the following section. 
5.4.5 Impact of ITHP configuration on sludge volatile solid reduction  
Figure 5.6 illustrates the weekly average sludge VSr calculated for the ITHP configuration 
and three other digestion process configurations. The sludge VSr was calculated using the 
Van Kleek formula (Section 4.9.3). The complete set of sludge VSr data along with a 
summary of the results of the sludge VS statistical analysis are presented in section 10.6 of 
Appendix A. The ITHP and DMAD configurations showed stepwise increase in sludge VSr 
and stayed stable throughout the experimental period, whereas, the THP and CMAD 
configurations showed detectable periodic fluctuations in VSr rate.  
 
Figure (5.6)  Weekly average volatile solids reductions (VSr) in the digestion 
configurations investigated. 
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Table 5.8 shows the sludge VSr ranges obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
 
Table (5.8)  Statistics analysis performed on sludge percentage volatile solids reduction 
calculated in ITHP, THP, DMAD and CMAD configurations. 
Volatile solids reduction (%) 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 61.85 4.37 .69 60.46 63.25 51.80 68.66 
DMAD 40 51.92 6.06 .96 49.98 53.86 37.63 61.42 
THP 40 46.99 5.63 .89 45.19 48.79 35.49 56.85 
CMAD 40 44.25 3.87 .61 43.01 45.49 35.04 52.48 
Total 160 51.25 8.39 .66 49.94 52.56 35.04 68.66 
 
 
The data in Table 5.8 shows that the weekly average overall volatile solids destruction 
achieved by the ITHP, THP, DMAD and CMAD configurations were 62% (±4.4%), 47% 
(±5.6%), 52% (±6.1%), and 44% (±3.9%) respectively. The minimum and maximum VSr % 
range calculated for ITHP, THP, DMAD and CMAD configuration were 52 - 69, 36 - 57, 38 - 
61, and 35 - 53% respectively. It is evident from Figure 5.6 and Table 5.8 that the ITHP 
configuration outperformed the three digestion configurations investigated.  
The statistical ANOVA test on the sludge VSr% reduction confirms that there is 
statistically significant difference (p < 0.05) between the ITHP, THP, DMAD and CMAD 
configurations digested sludge volatile solids reduction.  
Furthermore, the data shows that, as expected, the CMAD configuration achieved a weekly 
average volatile solids destruction of 44%. According to Tchobanoglous et al. (2003) cited by 
Smith (2014), CMAD typically achieves 40% VS destruction. Particularly, the volatile solids 
reduction observed in the ITHP process configuration is in line with the findings of Lu (2006). 
This author carried out anaerobic digestion optimisation study using thermophilic anaerobic 
digestion as a pre-treatment process at 15 days HRT and recorded that two-phase anaerobic 
sludge digestion process achieved about 65% overall volatile solids reduction, while a single-
phase anaerobic sludge digestion process achieved 61 % volatile solids reduction.  
Although the thermophilic anaerobic digestion process did achieve comparable volatile 
solids reduction performance as the ITHP configuration, thermophilic anaerobic digestion 
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process is less stable under high volatile solids loading rate of 4.5 to 6 kg /m
3
 per day can 
cause significant process risks including odour (Tezel et al., 2014). 
The reason why the ITHP (MAD =THP+MAD) configuration produced highest volatile 
solid reduction is caused by enhanced digester HRT (16 days from 1
st
 stage MAD plus 12 days 
from the 2
nd
 stage MAD) and the fact that 1
st
 stage MAD took out easily digestible proportion 
of sludge feed and the remaining hard to proportion of sludge was subjected to the THP 
process and    further digested in the 2
nd
 stage MAD. 
The volatile solids reduction observed in the ITHP process configuration is also in line 
with the findings of Chauzy et al. (2014) who studied the performance of the DLD process 
(Digestion Lysis Digestion, a variant of ITHP configuration).These authors reported  64% 
VSR in the DLD configuration. Similarly, Barber (2003) reported 66.7% sludge VSr, when a 
high dry solids containing sludge (10% dry solids) was digested after sonication.  
Although sludge VSr is the main parameter often directly related to biogas production, in 
reality, not all VS destroyed is converted to biogas and the VS conversion is dependent on the 
existence of correct food to biomass ratio in the body of digesting sludge (Horan et al., 2011). 
According to Gonzalez (2006) the amount of VFAs concentration in the digesting sludge 
could be used as a good indicator for sludge VSr, and its ultimate conversion to biogas. 
5.4.6 The impact of ITHP configuration on digesting sludge VFA, alkalinity and pH  
Table (5.9) shows the VFA, alkalinity and pH contents of digestion configurations 
investigated. 
Table 5.4 VFA, alkalinity rages, VFA to alkalinity ratio and pH contents in CMAD, DMAD, ITHP and THP digestion 
configurations 
Digestion configuration types  VFA  
concentration 
ranges  (mg/l) 
Alkalinity 
concentration 
ranges (mg/l) 
VFA  to 
Alkalinity 
ratio 
pH range 
Conventional MAD (CMAD) 68 - 122 4666 - 6470 0.02 7.5 - 8.0 
DMAD (MAD+MAD) 74 - 122 4864 - 6698 0.02 7.4 - 7.9 
ITHP (MAD+THP+MAD) 13 - 486  6852 - 8239 0.03 7.7 - 8.0 
THP (THP+MAD) 117 - 3323 6373 - 7550 0.1 7.1 - 8.3 
N*, sample size = 40 
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The data in Table 5.9 shows, that the weekly VFA concentration ranges obtained from the 
ITHP, DMAD, THP and CMAD configuration digested sludges, they are 249, 98, 374 and 95 
mg/l respectively. When the initial feed sludge VFA and digested sludge VFA concentrations 
obtained from the ITHP, THP and CMAD configurations were compared, there were 80%, 
84% and 97% VFA concentrations removal rate achieved respectively, hence indicating well-
functioning sludge anaerobic digestion process.  
Except for the THP configuration, the results for the ITHP and other digestion 
configurations are in line with the literature quoted VFA concentration in a stable and healthy 
anaerobic digestion process. According to Baber (2002) the conventional anaerobic sludge 
digestion process is considered healthy and stable if the VFA concentration was less than 200 
mg/l. On the other hand, according to McCarty (2001), cited in Kerroum (2012) the anaerobic 
digestion of waste can only take place if the VFA concentration was less than 2000 mg/l. 
Thus, the average VFA concentration of 249 mg/l measured in the ITHP configuration is 
slightly above the figure given by Barber (2002), but not significantly far from this quoted 
threshold value and is within the quoted VFA value by Kerroum, (2012). Similarly, the 
average weekly VFA concentration of 374 mg/l in the THP configuration digested sludge was 
higher than the quoted literature VFA threshold value by Baber (2002) and presumably 
showed a slightly stressed anaerobic digestion process, but not stressed enough according to 
VFA concentration quoted by Kerroum (2012).  
In the above case, the THP configuration digestion process could be considered as 
unstable, but the use of VFA concentration alone to measure the digester health without 
considering the digester alkalinity could be a misleading practice. The results from the 
experiments indicated that the VFA data should always be considered in conjunction with the 
same sludge alkalinity data shown in Table 5.9. In all cases the VFA to alkalinity ratio was 
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low and as a result the pH of digesting sludges was above 7 (Table 5.9).  This is in line with 
the work of Kepp et al. (1999b) who reported high VFA and alkalinity concentration in the 
THP configuration. These authors monitored a full-scale plant that consisted of thermal 
hydrolysis and anaerobic digestion process and reported that the biology builds up its own 
buffer through the generation of alkalinity and VFAs. Under such conditions, the thermally 
hydrolysed sludge digestion process containing 60 mmol/l equivalents to 1929 mg/l VFA 
concentration was defined as a stable sludge anaerobic digestion process. 
According to Angelidaki (2004), the health of anaerobic digestion process is balanced by 
the availability of VFA and alkalinity in correct proportion. Alkalinity is known to buffer the 
acidity generated by the digester VFA.  According to Horan et al. (2011), VFA quantifies the 
current state (risk level) of AD system. In addition, the alkalinity also quantifies the current 
state (risk level) of AD system as both balance each other’s state. Therefore, before judging 
whether the digestion process was stable or not, both parameters (VFA and alkalinity 
concentrations) need to be measured simultaneously and their ratio calculated and known. 
 Impact of ITHP on Factors Affecting Anaerobic Digestion Process 5.5
Efficiency 
5.5.1 Biogas yield  
Figure 5.7 shows the average weekly biogas yield (m
3
 biogas per TDS sludge fed) obtained 
from the ITHP, THP, DMAD and CMAD configurations during the monitoring period.  The 
complete sets of data along with a summary of the results of the statistical analysis are also 
presented in Appendix A.  
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Figure(5.7) Comparison of biogas yield between all the digestion configurations investigated. 
Table 5.9 shows the statistical biogas yield data from the ITHP, THP, DMAD and CMAD 
configurations. 
 
Table (5.9)  Statistical analysis of average biogas yield obtained from the ITHP, THP, 
DMAD and CMAD configurations. 
Descriptive statistics for overall biogas yield (m
3
 per TDS fed) 
 
N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence Interval 
for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 478.600 21.974 3.474 471.572 485.628 406.00 516.00 
THP 40 344.950 51.054 8.072 328.622 361.278 229.00 413.00 
DMAD 40 365.575 4.355 .689 364.182 366.968 357.00 372.00 
CMAD 40 330.525 11.218 1.774 326.937 334.113 303.00 350.00 
Total 160 379.913 64.933 5.133 369.774 390.051 229.00 516.00 
 
The data in Table 5.9 shows that the average weekly biogas yields produced by the ITHP, 
THP, DMAD and CMAD configurations were 478.6 (± 21.97), 345 (± 51.05), 366 (± 4.35), 
and 330.5 (± 11.22) m
3
/TDS fed respectively. The minimum and maximum biogas yield 
ranges calculated for the ITHP, THP, DMAD and CMAD configuration were  406 – 516, 229 
- 413, 357- 372, and 303 – 350 m3/TDS fed, respectively.  
The data shown here for the ITHP configuration is in line with the report by Ruse et al. 
(2015) for the pilot scale ITHP configuration performance  at the Innovation sludge & Energy 
centre in Thames Water. The authors reported a biogas yield of 500 m
3
/TDS fed using pilot 
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scale ITHP configuration (an 18 m
3
 MAD as a first stage 6 m3 MAD as a second stage) 
digestion processes.  
Hence, the comparison of the data obtained from this research work shows that the use of 
THP as an intermediate sludge pre-treatment technology resulted in marked improvement in 
the overall biogas yield per TDS sludge treated. In comparison with DMAD, THP and 
CMAD, the use of ITHP configuration increased the average overall biogas yield by 30%, 
36%, and 44% respectively. This increased biogas yield in the ITHP configuration can be 
attributed to the higher % VSr achieved by the ITHP configuration (Figure 5.6, in section 
5.4.5).  
The statistical analysis of the average biogas yield produced by the ITHP, THP, DMAD 
and CMAD configurations confirmed that there were statistically significant differences, (p < 
0.05) between the average biogas yields calculated in each configuration. The biogas yield 
(Figure 5.7) mirrors the VSr (Figure 5.6) achieved during this reaserch work i.e. the highest 
additional biogas production recorded in the ITHP configuration matched the highest volatile 
solid reduction achieved. This further supports the feasibility of ITHP configuration concept 
as a viable option for the optimisation of conventional THP configuration.  
The use of biogas yield expressed in m
3
/TVS fed is favoured instead of the specific gas 
production (m
3
/TVS destroyed), because the former is less susceptible to error associated with 
the measurement of VSR (Kreuger et al., 2011); biogas yield explains how much biogas is 
produced per unit of substrate fed to the anaerobic digester.  
In the following section the impact of ITHP, THP, DMAD and CMAD configurations on 
the biogas composition produced is assessed and discussed. 
5.5.2 Biogas composition   
Figures 5.8 and 5.9 show the impact of the ITHP, THP, DMAD and CMAD configurations 
on the digester biogas quality, %CH4 and %CO2. Generally, with exception of the DMAD 
configuration, all the digestion configurations showed consistently higher biogas %CH4 
composition with little fluctuations indicating stable digestion process throughout the research 
period. DMAD performed similar to a secondary digestion process, in spite of being well 
controlled and heated digestion process, it yielded very low percentage of methane. The 
second stage MAD of DMAD configuration showed initial high percentage of methane in the 
biogas that gradually over time declined to 20% biogas methane content. The initial higher 
biogas CH4% in the DMAD is attributed to the contribution of inoculum and partially to 
  
 137  
 
incomplete site digestion process (from where the digested sludge feed was sampled) and the 
DMAD helps to complete the digestion process.  The DMAD methane composition showed 
low reading may be due to the existence of other gases such as H2S which was not measured 
in this research work. 
 
Figure (5.8) Comparison of percentage methane in biogas from the digestion configuration 
types investigated. 
 
 
 
Figure (5.9)  Comparison of percentage carbon dioxide in biogas from the digestion 
configuration types investigated. 
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The data in Figure 5.8 shows the methane composition obtained from the ITHP, THP, 
CMAD and DMAD configurations. They achieved on, average, 60% biogas methane content 
throughout the research period, indicating a well-operated anaerobic digestion process. The 
actual average methane content obtained from the ITHP, CMAD, THP, and DMAD 
configurations ranged from 60-64%, 60.2-63.8%, 59.2-62.8% and 19.4-36.6% respectively. 
Whereas, the data in Figure 5.9 shows the biogas carbon dioxide content measured from the 
ITHP, THP, CMAD and DMAD configurations. The actual average carbon dioxide content 
obtained from the ITHP, CMAD, THP, and DMAD configurations ranged (Figure 5.9) from 
29-38%, 25-35%, 28-38% and 35-45% respectively. 
It is interesting to note the CH4 composition differences between the ITHP and DMAD 
configurations. They both were fed with same sludge feed type but they differed in that the 
ITHP feed was thermally pre-treated and DMAD feed was untreated. The methane 
composition obtained from the ITHP configuration suggested that thermal hydrolysis of an 
already digested sludge and its re-digestion enhanced biogas composition indicating the 
viability of the ITHP concept. The biogas methane content measured during this study in the 
ITHP, and THP configurations was within the ranges of the results observed by Wilson et al. 
(2008) in the Cambi treated MAD process. These authors reported a biogas methane content 
of 65.2 ± 1.8% in the THP pre-treated mesophilic anaerobic digestion process. 
According to Carrington and Davis (2001) a new sludge treatment processes and new 
plants using advanced treatment processes must be validated by determining the destruction 
of viable sludge E.coli content. These authors also suggested that the conventional mesophilic 
anaerobic digestion processes should achieve at least 2 log10 E.coli reductions across the 
sludge treatment process for secure land application. In contrast advance treated sludge must 
achieve a 6 log10 E.coli reduction across the sludge treatment process. Therefore, in the 
following section the impact of ITHP, THP, DMAD and CMAD configurations on sludge 
E.coli removal and dewaterability were discussed. 
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5.6 Impact of ITHP Configuration on Sludge Compliance and Sludge 
Dewaterability 
 
5.6.1 E.coli kill  
 
Figure 5.10 shows the impact of ITHP, THP, DMAD and CMAD configurations 
investigated on E.coli content of sludges. The data shows that the ITHP, THP and DMAD 
configurations reduced the digested sludge E.coli content to below the detection limit (< 2.5 
log10 E.coli), whereas the impact of CMAD configuration on E.coli kill was less.   
The data in Figure 5.10 shows that the ITHP, THP and DMAD configurations achieved 
enhanced treated sludge product status, but CMAD configuration had difficulty in achieving a 
treated sludge status, “Safe Sludge Matrix”, (ADAS, 2001). The CMAD configuration had an 
average of 4.6 log10 E.coli per gram dry solid content, but occasionally failing to achieve 
treated sludge status.  
 
Figure (5.10) Comparison of pathogen kill in the digestion configuration types investigated. 
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5.6.2  Impact of ITHP on sludge dewaterability- sludge cake dry solid content 
Figure 5.11 illustrates the effect of ITHP configuration on sludge cake dry solid content 
produced compared with that of control (DMAD) and existing sludge digestion configurations 
(THP and CMAD configurations). Sludges were dewatered in three replicates and average of 
these was reported. The data shows that both THP treated sludges (ITHP and THP 
configurations) showed improved sludge dewaterability than the untreated sludge digestion 
configurations (DMAD and CMAD configurations). It also shows that the ITHP configuration 
performed to the same extent as the THP configuration. 
 
Figure (5.11) Comparison of sludge dewaterability in the digestion configurations 
investigated. 
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Table 5.10 shows the differences between the average sludge cakes dry solids content 
obtained from the ITHP, THP, DMAD and CMAD configurations. 
Table (5.10)  Comparison of average sludge cake DS content obtained from the ITHP, THP, DMAD 
and CMAD configurations. 
Digestion 
configurations 
Sludge cake DS (%) 
Sludge DS (%) 
ranges 
Relative  difference from ITHP 
ITHP 32.2  ±  0.9 31.3 - 33.1 0.0 
THP 31.1 ± 1.0 30.1 - 32.1 1.1 
DMAD 23.8 ± 0.9 22.9 – 24.7 8.4 
CMAD 22.3 ± 1.2 21.1 – 23.5  9.9 
 
As expected, the CMAD treated sludge achieved sludge cake dry solid content of 22.3 % 
(±1.2%) while the DMAD configuration produced a slightly higher average cake dry solid 
content of 23.8% (±0.9 %). This data shows that extended digestion process could slightly 
improve the digested sludge dewaterability, but not to the extent of the ITHP and THP 
configurations.  
The ITHP configuration treated sludge showed slightly higher average sludge DS content 
than the average cake DS content obtained from the THP configuration. The actual cake DS 
content obtained from the ITHP and THP configurations were 32.2% (±0.9 %) and 31.1% 
(±1%) respectively. However, the ITHP digested sludge required more careful polymer 
selection and longer sludge and polymer contact time of at least 2 - 4 minutes before it was 
well mixed, flocculated and dewatered. The polymer dosing rate was calculated using the 
formula shown in Chapter 4, subsection 4.9.5. The sludge dewatering data reported for the 
ITHP configuration was in line with the data reported by Chauzy et al. (2014). These authors 
reported good sludge dewaterability in DLD process which is similar to the ITHP 
configuration, reporting a cake dry solid content of 34%. Figure 5.12 illustrates the variation 
in polymer dose rates used in the digestion configurations investigated. The data shows that 
the use of ITHP configuration increased the polymer use by 4% (Table 5.12) and a slight gain 
in sludge cake dry solid content. 
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Figure (5.12) Comparison of polymer dose rate used in all the digested sludge types 
investigated (average of three replicates). 
The ITHP configuration digested sludge dewaterability was as good as THP configuration 
and worked well with diluted polymer concentration (0.1 – 0.3% active) depending on 
polymer type used.  
 
Table 5.11 shows the average weekly polymer dose rate used for the ITHP, THP, DMAD 
and CMAD treated sludges.  
 
Table (5.11)   Polymer dose rate used in this study. 
Sludge Dewatering - polymer dose rate (kg/TDS)  
Over the 
monitoring period 
CMAD DMAD THP ITHP 
Average 7.4 (0.9)* 9.1 (0.6)* 11.7 (1.4)* 12.2 (1.9)* 
*STDEV shown in parenthesis 
 
The cake dry solids obtained from the ITHP configuration was increased by 1.1% when 
compared to the cake dry solids from the THP configuration (Table 5.10 above). This cake 
dry solid improvement in the ITHP configuration was achieved by using a polymer dose rate 
ranging from 9.4 - 14.8 kg/TDS, while the polymer dose rate used in the THP configuration 
ranged from 9.5-14.2 kg/TDS. The polymer consumption of CMAD configuration ranged 
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from 6.4-9.3 kg/TDS and that of DMAD configuration ranged from 7.9-9.8 kg/TDS.  
McCausland and O’Connor (2013) reported similar polymer dose of 13.3 kg/TDS in THP 
treated digested sludge dewatering process using Centrifuge in Anglian water at Ringsend 
STWs, and achieved 31% cake dry solid.  
It has been widely reported that effective sludge digestion and improved sludge VSr should 
result in good sludge dewaterability with reduced polymer consumption (Fountain, 2009). 
However this research work indicated that effective digestion and high sludge %VSr do not 
necessarily lead to better sludge dewaterability and reduced polymer use.  
The increased polymer use witnessed in the ITHP configuration in particular and THP 
treated sludges in general could be due to biopolymer production. These biopolymers known 
as extracellular polymeric substances (EPS) have been associated to poor sludge 
dewaterability and high polymer demand. 
 For example, Krauss (2011) reported that the use of thermal pre-treatment crack opens the 
structure of SAS (bacterial cells) and its associated EPS content improving the sludge 
digestibility and dewaterability. The impact of ITHP and THP configurations on biopolymer 
has been discussed in Chapters Six. 
5.7 Summary of Results 
 
The results of semi-continuous anaerobic sludge digestion experiments conducted utilizing 
different sludge treatment configurations (ITHP, THP, DMAD and CMAD) showed that the 
ITHP configuration produced the highest sludge % VSr, biogas yield and better sludge 
dewaterability. The sludge %VSr achieved was mainly due to the impact of thermal 
hydrolysis process on hard to digest proportions of sewage sludge constituents (sludge 
carbohydrates and proteins related EPS contents). These are known to their negative impact 
on sludge digestibility and dewaterability. This statement was supported by the data gathered 
from this research work and previous studies on the impact of THP and ITHP on sludge 
carbohydrates and proteins related EPS components. Overall, compared to other three 
configurations investigated, the ITHP configuration significantly improved the sludge 
digestion process efficiency by 15 percentage point as assessed by sludge volatile solid 
reduction. Therefore, the ITHP configuration performance could be a viable concept for 
optimising the existing THP configuration. The performance of ITHP also provided crucial 
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evidence that CMAD digested sludge is not completely stabilised and contains substantial 
energy that could be extracted via post digestion pre-treatment and re-digestion process. 
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CHAPTER 6 
 IMPACT OF ITHP CONFIGURATION ON 6.
SLUDGE BIOCHEMICAL COMPOSITION     
SEMI CONTINUOUS ANAEROBIC DIGESTION 
- RESULTS AND DISCUSSION 
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6.1 INTRODUCTION 
In this Chapter the sludge extractable carbohydrates and proteins related EPS and SMP 
results obtained during semi-continuous anaerobic digestion experiments operated in the 
ITHP and THP configurations mode are presented and discussed. The data reported here is 
average of 3 samples and was analysed in 3 replicates.  
The aim of this study was to investigate if the changes in sludge digestion process 
efficiency reported and discussed in Chapter Five, was due to alterations of the sludge EPS 
and SMP concentrations. Sludge EPS was often blamed for poor sludge digestion and 
dewaterability. Therefore, it was important to investigate and compare the impact of ITHP 
and THP configurations on treated sludge EPS content.  Additionally, the degradation kinetic 
constants during the semi-continuous anaerobic digestion process in the two configurations 
investigated were discussed. For the semi-continuous anaerobic digestion experiment, the 
changes in EPS and SMP concentrations or their degradation rate constants were measured 
using the first order reaction rate model proposed by Judd (2013), which was described in 
Chapter 4, section 4.10.1.  
Sludge extractable carbohydrates and proteins related biopolymer, EPS and SMP 
concentrations measured in the ITHP and THP feed as well as digested sludges are presented 
in Appendix B. The impact of ITHP and THP configurations on sludge carbohydrates and 
proteins related EPS and SMP concentrations and their degradation rate constants are 
compared and discussed in the following sections.  
6.2 Impact of ITHP and THP Configurations on Feed and Digested 
Sludge Biopolymers   
 Extractable carbohydrates related EPS and SMP concentrations 6.2.1
Figure 6.1 and Table 6.1 show the partitioned sludge carbohydrates related EPS and SMP 
proportions in the ITHP and THP sludge feeds used in this experiment. Similarly, Figure 6.2 
and Table 6.2 show the partitioned carbohydrates related EPS and SMP proportions in the 
ITHP and THP configurations digested sludges. Table 6.2 also shows the % carbohydrates 
related EPS and SMP removal rate results obtained from the ITHP and THP configurations. 
Very low sludge carbohydrates related EPS concentration and high SMP concentration were 
contained in digested sludge sample obtained from the ITHP configuration, whereas higher 
sludge carbohydrates related extractable EPS concentration was found in the sample obtained 
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from the THP configuration.  
 
Figure (6.1) Digester feed sludge carbohydrates related extractable EPS and SMP 
concentration (average of 3 runs). 
 
 
Figure (6.2)  Digested sludge carbohydrates related extractable EPS and SMP concentration 
(average of 3 runs). 
 
Table (6.1)  Digester sludge feed carbohydrate related EPS and SMP concentrations (average 
of 3 runs). 
Sample Source THP (THP+MAD) ITHP 
(MAD+THP+MAD**) 
Comments 
EPS in digester 
feed sludge (mg/l) 
205  (± 25.2 )
*
 152 (± 62.0) 
**ITHP data reported for second stage 
MAD only 
SMP in digester 
feed sludge (mg/l) 
517 (± 350.8) 575 (± 286.2) 
**ITHP data reported for second stage 
MAD only 
*Number in parenthesis is standard deviation (STDEV)    
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 Table (6.2)  Average digested sludge EPS and SMP concentration measured as 
carbohydrates and percentage removal. 
Sample Source THP (THP+MAD) ITHP 
(MAD+THP+MAD**) 
Comments 
Digester VS loading 
(kg VS m
-3
 d
-1
) 4.5 - 6 4.5 - 6 
No foaming  digester foaming was experience 
in both configurations  at high VS load 
EPS in digested 
sludge  (mg/l) 212 150 Lower EPS in ITHP configuration 
SMP in digested 
sludge (mg/l) 202 387 Higher SMP in ITHP configuration 
EPS removal rate (%) -3
*
 1 
Accumulation ( more EPS  concentration in 
the digested sludge than feed sludge) 
SMPs removal rate 
(%) 
61 33 
ITHP removed SMPs  half as much as THP 
configuration 
** ITHP data reported for second stage MAD only;    *accumulation (more EPS concentration 
in the digested sludge than feed sludge) 
 
6.2.2  Comparing the impact of ITHP and THP on extractable digester feed and 
digested sludge carbohydrates related EPS concentrations 
The data in Table 6.1 above show that there was circa. 26% less sludge carbohydrate 
related EPS concentration in the ITHP sludge feed than that of the THP feed showing the 
impact of thermally hydrolysis process on hard to digest sludges than easily digestible sludge.  
The data in Table 6.2 above show that there was circa. 29% less carbohydrates related EPS 
concentrations in the ITHP digested sludge than the THP digested sludge. There was 1% 
removal of sludge carbohydrates related EPS concentration in the ITHP configuration, while 
there was  a build-up of sludge carbohydrates related EPS concentration (-3%) in the THP 
configuration. These data show why the enhanced anaerobic sludge digestion process was 
observed in the ITHP configuration than THP configuration in terms of high %VSr and higher 
biogas yield (m
3
/TDS) as discussed in chapter 5. Hence, this data further confirms the 
enhanced impact of THP when it is used as an intermediate configuration (ITHP) than THP as 
a pre-treatment configuration. 
The fact that the low carbohydrates related EPS removal (1%) rate was achieved in the 
ITHP configuration and there was EPS concentrations build up in the THP configuration is 
indicative of EPS production by the anaerobic bacteria involved present in the active 
anaerobic sludge digester. The EPS concentrations build up found in the THP configuration is 
in line with views reported in literature (Laspidou and Rittmann, 2002b; Aquino and Stuckey 
2008; Aquino, 2004 cited in Zeng et al., 2010; Azami et al., 2012).    
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 Impact of ITHP and THP configurations on extractable digester feed and digested 6.2.3
sludge carbohydrates related SMP concentration 
Table 6.2 above shows that the THP configuration removed almost twice as much 
carbohydrate related SMP than the ITHP configuration. The average THP configuration feed 
carbohydrates related SMP content was 517 mg/l and this was reduced to 202 mg/l after 
anaerobic digestion process. This provided 61% digester feed related SMP concentration 
removal rate in THP configuration. Similarly, the average feed carbohydrates related SMP 
concentration in the ITHP configuration was 575 mg/l and this was reduced to 387 mg/l after 
anaerobic digestion process. This gave 33% digester feed related SMP concentration removal 
rate in the ITHP configuration.  
It is important to note that the 33% sludge carbohydrates related SMP removal rate 
achieved by the ITHP configuration was based on second stage digester (denoted by ** in 
Table 6.2), but if the sludge carbohydrates related SMP removal rate from both stages were 
considered, then the ITHP configuration would have shown a much higher sludge 
carbohydrates related SMP removal rate. These highest sludge carbohydrates related SMP 
removal rate seen in the THP configuration was expected as the feed to it was raw sludge 
contain high volatile solid contents while the feed to the ITHP configuration was an already 
digested sludge. However, it is important to note that the second stage digester in the ITHP 
configuration removed half as much as the THP configuration given the feed type used and 
the original sludge used in the ITHP configuration was considered as already “stabilised” 
sludge.  
 
6.3 Impact of ITHP and THP Configurations on Feed and Digested Sludge 
Proteins Related Extractable EPS and SMP Concentrations    
 
 Extractable proteins related EPS and SMP concentrations 6.3.1
Figure 6.3 shows the digester feed sludge proteins related EPS and SMP concentrations 
measured in the ITHP and THP configurations, whereas Figure 6.4 shows the digested sludge 
proteins related EPS and SMP concentrations measured in the ITHP and THP configurations. 
Very low sludge proteins related EPS concentration was found in the sludges obtained from 
the ITHP configuration compared with that of THP configuration. In contrast, high sludge 
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proteins related SMP concentrations was found in the sludge feed sample obtained from the 
ITHP configuration indicating that the use of ITHP configuration had a larger impact on 
sludge protein related EPS concentration. Thus there was a significant shift from solid phase 
to solution phase. 
 
 
Figure (6.3)  Digester feed proteins related EPS and SMP concentrations (average of 3 runs). 
 
Figure (6.4)  Digested sludge proteins related EPS and SMP concentrations (average of 3 
runs). 
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Table (6.3)  Digester feed sludge proteins related EPS and SMP concentrations (average of 3 
runs). 
Sample Source THP (THP+MAD) ITHP 
(MAD+THP+MAD**) 
Comments 
EPS in digester 
feed sludge (mg/l) 
814.2 (±322.7)* 445.6 (±196.8)* 
**ITHP data reported for second stage 
MAD only 
SMP in digester 
feed sludge (mg/l) 
865.1 (±775.2)* 1183.8 (±945.6)* 
**ITHP data reported for second stage 
MAD only 
*Number in parenthesis is standard deviation (STDEV) 
 
 
Table (6.4) Average digested sludge proteins related EPS and SMP concentrations and their 
percentage removal rate. 
Sample Source THP (THP+MAD) ITHP 
(MAD+THP+MAD**) 
Comments 
Digester VS loading 
(kg VS m
-3
 d
-1
) 
4.5 - 6 4.5 - 6 
No foaming  digester foaming was experience 
in both configurations at high VS load 
EPS in digested 
sludge  (mg/l) 
335.4 310.7 Lower EPS in ITHP configuration 
SMP in digested 
sludge (mg/l) 504.5 549.7  
Higher SMP concentration in both ITHP and 
THP configurations – impact on downstream 
process may be expected 
EPS removal rate (%) 58.8 30.3 
About half the EPS removal rate of THP was 
removed by the ITHP second stage MAD 
SMPs removal rate 
(%) 
41.7 53.6 
ITHP configuration removed much higher 
SMP compared to  the THP configuration 
** ITHP data reported for second stage MAD only     
 
6.3.2 Comparison of extractable proteins related EPS concentration in the ITHP and 
THP configuration digester feed and digested sludge 
The data in Table 6.3 shows the differences in feed sludge proteins related EPS 
concentration measured in the second stage MAD of the ITHP configuration and that of THP 
configurations. The data shows that there were 445.6 mg/l and 814.2 mg/l feed sludge proteins 
related EPS concentrations in the ITHP and THP configurations respectively. The  comparison 
of sludge feed proteins related EPS concentration between the THP and second stage MAD of 
the ITHP configuration showed a 45.2% more proteins related EPS concentration in the THP 
configuration hydrolysed digester feed. The increased amount of proteins related EPS 
concentration in THP hydrolysed-feed suggested that THP had a low impact on sludge protein 
related EPS content when used as a pre-treatment process than used as an intermediate 
treatment process.   
The data in Table 6.4 also shows the differences in digested sludge proteins related EPS 
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concentration measured in the second stage MAD of the ITHP configuration and that of THP 
configurations. The data shows that the digested sludge proteins related EPS concentration 
data obtained from the second stage MAD of the ITHP (MAD+THP + MAD) configuration 
and THP (THP + MAD) configuration were 310.7 and 335.4 mg/l, respectively. A comparison 
of these showed a 7.4% more digested sludge proteins related EPS concentration present in 
the THP configuration. This increased amount of digested sludge proteins related EPS 
concentration presence in the THP digested sludge suggested that THP had a relatively low 
impact on sludge protein related EPS content when used as a pre-treatment process. Because 
the sludge used in the THP configurations contained easily digestible and hard to digest 
proportion of sewage sludge and these need to be separated for improved impact of THP on 
the sludge treated. 
In contrast, relatively low sludge proteins related EPS concentration was found in the 
digested sludge obtained from the ITHP configuration and high sludge proteins related SMP 
concentration compared to that of THP configuration.  
The data suggested that due to the high digested sludge proteins related SMP content, the 
low EPS content in the ITHP feed and lower digested sludge proteins related EPS 
concentration suggested that ITHP configuration was more effective on sludge biopolymer 
content than the THP configuration 
Moreover, the data in Table 6.4 shows that under similar sludge VS loading rate, the sludge 
protein related extractable EPS concentration removal rate in the THP configuration was 
about twice as much as that of second stage MAD of the ITHP configuration, 58.8% in THP 
vs. 30.3% in the second stage MAD of the ITHP configuration which was much higher than 
reported elsewhere for conventional MAD process. For example in a review by Dai et al. 
(2013) it was reported that 24% EPS reduction when anaerobic digester was feed with 
disintegrated sludge feed. They also reported that this process shifted EPS from tightly bound 
EPS fraction to soluble fraction which was in line with findings from this research work. 
Overall considering the type of sludge feed used in the ITHP configuration, the data obtained 
suggested that the thermal hydrolysis of sludge proteins related EPS was more pronounced in 
the ITHP configuration than the conventional THP configuration.  
6.3.3  Comparison of extractable proteins related SMP concentration in the feed and 
digested sludges obtained from the ITHP and THP configurations    
Table 6.3 above shows that the sludge feed proteins related SMP concentration in the 
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second stage MAD of the ITHP and THP configurations were 1183.8 mg/l and 865.1 mg/l 
respectively. When these sludge feed proteins related SMP concentrations were compared, 
there was 26.9 % more proteins related SMP concentration in the ITHP hydrolysed digester 
feed than in the THP hydrolysed digester feed. This amount is significant given the ITHP feed 
was an already digested sludge and this shows that the use of THP as an intermediate thermal 
hydrolysis process shifted solid EPS to soluble SMP i.e. was able to hydrolyse (solubilise) 
EPS and enhance the SMP concentration.  
The reason for this enhanced SMP concentration in the ITHP feed was attributed to the 
combined actions of biological and thermal processes employed. First, the chemical bond of 
the already digested sludge EPS was loosened up by the microbial enzyme action during the 
first stage MAD process, then the weakened bond was breakdown during the THP treatment 
(high temperature and pressure) in the ITHP configuration. This is believed to be the cause of 
the elevated SMP concentration in the ITHP configuration.  
Table 6.4 above shows that the digested sludge proteins related SMP concentration in the 
second stage MAD of the ITHP and THP configurations were 549.7 mg/l and 504.5 mg/l 
respectively. The comparison of these digested sludge proteins related SMP concentrations in 
the ITHP and THP configurations showed 9 % more proteins related SMP concentration in the 
ITHP digested sludge. Hence, the ITHP configuration had 26.9% sludge feed proteins related 
extractable SMP and  9% digested sludge proteins related SMP residue left, which means by 
difference 17.9% of the sludge feed proteins related SMP concentration was converted to 
biomass and biogas.  
Taking into consideration the sludge feed data in Table 6.3 and digested sludge data in 
Table 6.4, the overall sludge proteins related SMP concentration removal rate achieved by the 
ITHP and THP configurations were 53.6% and 41.7% respectively. Therefore the ITHP 
configuration removed more SMP concentration than the THP configuration from an already 
digested and “stabilised” sludge. 
The data obtained highlighted that the use of thermal hydrolysis process as an intermediate 
THP configuration has more pronounced impact on sludge protein content than the THP 
configuration. However, higher digested sludge proteins related SMP residue was observed in 
the ITHP configuration.  
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6.4 Impact of ITHP and THP Configurations on Carbohydrates Related 
EPS and SMP Degradation Kinetics 
 
Table 6.5 show the carbohydrates related EPS degradation kinetic constants calculated 
using the first order reaction model proposed by Judd (2013) for semi-continuous sludge 
anaerobic digestion process. This method of derivation of the rate constants was discussed in 
Chapter 4, section 4.10.1. The data shows that the sludge carbohydrates related EPS 
degradation kinetics in the ITHP configuration was faster than that of the THP configuration. 
In contrast the carbohydrates related SMP data in Table 6.5 shows that the SMP degradation 
rate in the ITHP was much slower than that of the THP configuration. This was expected as 
the feed to the THP configuration was raw sludge with higher volatile solids content.  
However, it should be noted that the rate of the sludge carbohydrates related SMP 
degradation reported in the ITHP was from an already digested sludge and only for second 
stage MAD of ITHP configuration.  
 
Table (6.5)  Calculated carbohydrates related EPS and SMP degradation kinetic rate 
constants. 
Sample source THP (THP+MAD) ITHP (MAD+THP+MAD) 
Carbohydrates related EPS (k d
-1
)                  (0.003)* 0.001 
Carbohydrates related SMP ( k d
-1
)                    0.09 0.04 
 *( ) Represents negative number which means accumulation; k = kinetic constant per day 
 
6.4.1  Impact of ITHP and THP configurations on extractable carbohydrates related 
EPS degradation kinetics  
The data in Tables 6.5 and 6.2 above show that in the ITHP configuration, the EPS removal 
efficiency was not significant (1%), whereas in the THP configuration the EPS concentration 
was higher in the digested sludge than in the feed, i.e., there was 3% EPS concentration 
increase (accumulation). This was reflected in the low degradation kinetic rate constant of 
sludge EPS.  
The EPS rate constant calculated in the ITHP configuration (k= 0.001 d
-1
) indicates a rate 
of conversion, whereas during the THP configuration EPS accumulation in the digester (k = -
0.003 d
-1
) was found.  However, as pointed out earlier, it is important to note that the feed to 
the ITHP configuration was an already digested sludge, the kinetic degradation rate was 
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calculated only for the second stage MAD of the ITHP (MAD+THP+MAD) configuration, 
and on the basis of this consideration, the carbohydrates related EPS degradation kinetics rate 
constant found in this ITHP configuration was significant.  
The fact that a negative sludge carbohydrates related extractable EPS degradation kinetics 
rate was found in the THP configuration means that there was new carbohydrates related EPS 
generation by the digestion process microbial population which is in line with literature 
reports (Laspidou and Rittmann, 2002a; Aquino and Stuckey, 2008). 
6.4.2  Impact of ITHP and THP configurations on extractable carbohydrates related 
SMPs degradation kinetics  
Table 6.5 above shows the carbohydrates related SMPs measured in both digested sludge 
types investigated. The calculated carbohydrates related SMP degradation rate constant (k) 
shown in Table 6.5 indicates fast carbohydrates related SMP degradation rate achieved (k = 
0.09 day
-1
) in the THP configuration and slow degradation kinetics (k = 0.04 day
-1
) in the 
ITHP configuration.  
The relatively fast sludge carbohydrates related SMP degradation rate achieved by the THP 
configuration was expected as THP feed contained high volatile solid content under this 
condition the microbial activity was expected to be high. Whereas in the ITHP configuration, 
the feed was an already digested sludge and the rate of carbohydrates related SMP degradation 
achieved exceeded once expectation because of already depleted sludge feed volatile solid 
content in the feed used.  
The rate of sludge carbohydrates related SMP degradation achieved in the ITHP 
configuration indicates the deficiencies of existing anaerobic digestion technologies and the 
existence of un-stabilised digestate in existing conventional digestion processes, which 
warrants further reasons for their optimisation and improvement. 
 
6.5 Impact of the ITHP and THP Configuration on Sludge Proteins 
Related EPS and SMP Degradation Kinetics 
 
Table 6.6 shows the calculated proteins related EPS and SMP degradation kinetic rate 
constant for the second stage MAD of ITHP configuration and that of THP configuration 
digested sludges.  
The proteins degradation rate constant was also calculated assuming the First order reaction 
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kinetics (Chapter 4, section 4.10.1). As expected the sludge proteins related EPS degradation 
kinetics in the THP configuration was over twice faster than that of the second stage MAD of 
THP configuration. In contrast, the sludge proteins related SMP degradation kinetics in the 2
nd
 
stage MAD of ITHP configuration was 1.6 times faster than that of the THP configuration. 
 
Table (6.6) Calculated extractable proteins related EPS and SMP degradation kinetic rate 
constant. 
Sample source THP (THP+MAD) ITHP (MAD+THP+MAD) 
Proteins related EPS (k d
-1
) 0.09 0.04 
Proteins related SMP ( k d
-1
) 0.05 0.08 
k = kinetic constant per day 
 
6.5.1  Impact of ITHP and THP configuration on proteins related EPS concentration 
degradation kinetics 
The data in Table 6.6 above illustrated that the digested sludge proteins related EPS 
degradation rate kinetics (k) measured in the ITHP and THP configurations were 0.04 per day 
and 0.09 per day. The sludge proteins related EPS degradation rate kinetics in the THP 
configuration was twice faster than that of the ITHP configuration.  This corresponded with 
the extractable proteins related EPS removal efficiency of 58.8% and 30.2% for THP and 
ITHP configurations respectively as reported above in Table 6.4 of section 6.3.1 Considering 
the nature of the feed used in the ITHP configuration, the sludge proteins related extractable 
EPS degradation kinetics and percentage removal achieved by the ITHP configuration is 
significant and proves that the ITHP concept as feasible.  
The sludge proteins related EPS removal efficiency and degradation kinetics measured in 
this research work suggest that among the sludge biochemical compositions, sludge protein is 
more susceptible to combined thermal and biological degradation process provided by the 
ITHP configuration than the THP configuration. This is evidenced by the accumulation of 
sludge carbohydrates related EPS concentration build up in the THP configuration anaerobic 
digestion process (Table 6.5, section 6.4).   
6.5.2  Impact of ITHP and THP on proteins related SMP degradation kinetic  
The calculated sludge proteins related SMP degradation kinetics constant in Table 6.6 
shows that the proteins related  SMP degradation kinetic rate in the ITHP configuration was 
significantly faster (k = 0.08 d
-1
) than that of the THP configuration (k= 0.05 d
-1
). It shows 
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circa two fold faster fermentation and conversion of SMP to biogas and biomass in the ITHP 
configuration than in the THP configuration. This was evidenced by high sludge %VSr and 
higher biogas yield production observed in the ITHP configuration than the THP 
configuration (Chapter 5; Shana et al., 2011; Shana et al., 2012).  
According to Cui and Jahng (2006), high concentration of soluble proteins and resulting 
metabolite, ammonia was expected to inhibit methanogens. In the contrary, this work 
indicated that the destruction of proteins can be enhanced and anaerobic digestion process 
efficiency can be improved when THP was optimised by the use of ITHP configuration. This 
is may be due to the high organic solid load used that produced high residual VFA and 
alkalinity in the ITHP configuration which cancelled out each other’s effect and maintained 
good environment for methanogens to thrive (Shana et al., 2011 and Shana et al., 2012). 
The data obtained from this research work also indicated the importance of using THP as 
an intermediate thermal hydrolysis step than its current use as a pre-treatment process. The 
reason for the improved anaerobic digestion process efficiency observed was that in the ITHP 
(MAD+THP+MAD) configurations, the primary digestion step takes out easily digestible 
proportion of the sludge fed and the THP stage in the middle, hydrolysis the left over hard to 
digested biochemical composition (carbohydrates and proteins etc.).  
The second stage MAD in the ITHP configuration which is a converted and heated 
secondary digester continues to digest the hydrolysed-digested sludge producing additional 
biogas and further enhancing the sludge mas and volume reduction (Shana et al., 2011 and 
Shana et al., 2012). This work also suggested that sludge pre-treatment and short HRT 
digestion process is only good for quick sludge digestion process turnover, but not good for 
complete sludge stabilisation hence for achieving the maximum potential biogas production. 
Finally, overall the assumption of first order kinetics reaction and completely mixed system in 
the semi continuous anaerobic digestion process coupled with the use of feed and digested 
sludge biopolymer concentration, and increased digester HRT enhanced sludge biopolymer 
degradation process.  
However, on the based limited data point obtained from the semi-continuous anaerobic 
digestion process from both digestion configurations investigated, stepwise sludge biopolymer 
degradation kinetics over time could not be shown. This stepwise sludge biopolymer 
degradation kinetics was addressed in the subsequent chapter seven that uses batch anaerobic 
digestion process where the collection of number of measurements and determination of 
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ordered of reaction was used. This allowed the selection of the best fitting using group of data 
points to straight line, where rate kinetics was calculated using linear regression (Gonzalez, 
2006). 
6.6 Summary  
 
The hydrolysed sludge feed in the THP configuration contained higher concentration of 
EPS and lower SMP concentration, whereas the ITHP process configuration resulted in 
enhanced conversion of EPS to SMP as manifested by higher concentration of SMP related 
carbohydrate and proteins concentration in the hydrolysed digested feed sludge. Therefore, the 
ITHP configuration is very effective in hydrolysing “hard to digest” carbohydrates and 
proteins contents of an already digested sewage sludge, making them amenable for further 
digestion.  
Under high organic loading condition, the performance of conventional THP tailed off as 
indicated by slower proteins related SMP degradation process. On the other hand, 
comparatively faster degradation of sludge carbohydrates related EPS was observed in the 
ITHP configuration, while negative sludge carbohydrates related EPS degradation kinetics 
(accumulation of sludge carbohydrates related EPS) was witnessed in the THP configuration.  
These results indicated that the sludge hydrolysis process efficiency was improved when 
thermal hydrolysis was used as an intermediate treatment process rather than a pre-treatment 
process. This is evidenced by the pronounced impact of thermal hydrolysis process on an 
already digested sludge carbohydrates related EPS content that caused an increase in SMP 
concentration, shifting the sludge biopolymer from solid (EPS) state to solution (SMP) state. 
Similarly, the digested sludge proteins related EPS concentration monitored showed that the 
ITHP configuration had slightly higher impact on the extractable proteins related EPS 
concentration than THP configuration.  
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CHAPTER 7 
7. BATCH ANAEROBIC DIGESTION 
EXPERIMENTS - RESULTS AND DISCUSSION 
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 Introduction 7.1
 
The results of extended batch anaerobic sludge digestion monitoring data are reported in 
the following sections. Some of the raw data obtained from repeated experimental runs are 
presented in Appendix C. 
 
7.2 Impact of ITHP and THP Configurations on the Kinetics of Sewage 
Sludge Digestion Process 
 
The results reported in Chapter Five showed that the ITHP configuration significantly 
improved the overall anaerobic digestion process efficiency. To investigate and understand 
which of the sewage sludge constituents were impacted the most by the use of ITHP 
configuration and how fast these sludge constituents were degrading, batch digestion 
experiments were conducted and the results obtained during these experiments are presented 
and discussed in this Chapter.  
The batch digestion experiments were conducted over a 312 hour period, where the sludge 
composition, namely, carbohydrates, proteins and lipids trends and the extent of their 
degradation were measured with time. Sludge samples were collected at short time interval 
for the first 24 hours and subsequently at 24 hour interval until the end of each digestion run 
(Chapter 4).  
The experiments were repeated three times in order to obtain more statistically 
representative data. To ensure the digesters remained healthy, the main digester operating 
parameters, namely, %VS, pH, VFA, alkalinity, biogas yield were monitored and analysed 
before, during and after each group of experiments. Due to voluminous nature of these 
research data, the latter group of data are not presented in this dissertation; they will be rather 
prepared as a separated paper and published in the Water Research Journal.  
 
7.3 Impact of ITHP and THP configurations on Sludge composition: 
Carbohydrates, Fibre, Proteins, and Lipids Contents 
Table 7.1 shows the composition of feed and digested sludge samples from the digestibility 
experiments conducted as described in Chapter 4.  
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Table (7.1)  Comparison of changes in sludge composition in different sludge types and 
digestion configurations studied. 
  Sludge stream composition analysis (average of three 
samples)  
  Total 
Sludge Source Carbohydra
tes % of dry 
matter 
Protein % of 
dry matter 
Lipids % of 
dry matter 
Fibre % of 
dry matter 
Basingstoke STW -Primary sludge 30.25 20.15 6.80 2.80 
Basingstoke STW - SAS sludge 31.51 42.00 0.90 0.50 
Basingstoke STW - sludge 60% 
primary and 40% SAS feed 
30.72 28.89 4.44 14.68 
Basingstoke STW - digested sludge 31.20 23.50 2.30 3.60 
Batch digested sludge Run 1 - THP 38.43 25.22 2.50 3.60 
Batch digested sludge Run 2 - THP 39.52 22.30 2.45 3.30 
Batch digested sludge  Run 3 - THP 40.24 20.63 2.22 3.51 
Batch digested sludge Run 1 - ITHP 35.17 25.23 2.12 0.25 
Batch digested sludge Run 2 - ITHP 35.77 26.17 2.15 0.68 
Batch digested sludge Run 3 - ITHP 36.18 23.2 2.14 1.25 
 
The data in Table 7.1 shows that the primary sludge was characterised by high proportion 
of carbohydrate (30.3%) and lower quantities of fibre (2.8%) and proteins (20.2%) and much 
lower lipid content (6.80%), all expressed on dry weight basis, therefore, the sum of primary 
sludge components (proteins plus carbohydrates plus lipids) VS content of 77%. The SAS 
exhibited a high proportion of protein (42.0%), followed by carbohydrate (31.5%), and low 
lipid content (0.5%).  
The sum of SAS components (proteins plus carbohydrates plus lipids as prat of sludge 
organic matter content) yields the VS of 75%. The difference (25% is considered as ash). 
These findings are consistent with previous results reported by Gonzalez (2006) and Asaadi 
(2008). After sludge treatment in the THP configuration, the average carbohydrate, protein, 
lipid and fibre contents were 39.4%, 22.71%, 2.39% and 3.47% respectively. This data agrees 
with the findings of Gonzalez (2006), where the author reported a carbohydrate and protein 
content of 31% and 25% respectively.  
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In comparison, the carbohydrates, proteins, lipids and fibre content of the ITHP-treated 
sludge were 35.71%, 24.87%, 2.14% and 0.73% respectively. The reason for this high 
proportion of carbohydrate and protein contents measured in the ITHP digested sludge was 
due to lysed biomass, i.e., extra-cellular polymeric substance (EPS) as stated by Batstone et 
al. (2002) and Aquino (2004). From these findings, it can be concluded that the sludge 
composition expressed as an absolute value does not change significantly even if the sludge 
solid content is reduced and converted to biogas.  
The proportion of carbohydrate, protein, lipids and fibre content after thermal hydrolysis 
and batch mesophilic digestion process remained still high in all cases. Therefore the 
composition analysis, on its own, is not a strong enough indicator to describe the changes that 
occur during various types of MAD. Whereas the degradation kinetics rates of these 
components have the potential to describe the changes in sludge digestibility. Therefore in the 
following section the rate constants calculated from the data obtained from the batch digestion 
experiments were presented and discussed and the impact of THP and ITHP configurations on 
sludge carbohydrates, proteins and lipids degradation kinetics were compared. 
7.4 Impact of ITHP and THP Configurations on Sludge Constituents 
biodegradation kinetics  
 
In this section the impact of ITHP and THP configurations on sludge constituents, namely 
Carbohydrates, proteins and lipids degradation characteristics are reported and discussed.   
7.4.1  Carbohydrate biodegradation during THP and ITHP 
The average carbohydrate concentration from the three batch digestion experiments during 
the THP and ITHP processes was used to plot graphs of natural log of average carbohydrate 
concentrations against time. There was a distinct stepwise concentration reduction with time 
consistent under all experimental conditions.  Figures 7.1, (A to F) shows this trend of 
carbohydrate concentration reduction with time during the THP and ITHP processes. 
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Figure (7.1)  Carbohydrate degradation kinetics during three runs of batch anaerobic 
digestion of sewage sludge using THP and ITHP configuration. 
A,C,E  represent Run 1-3 carbohydrate degradation in the THP and  B,D,F represent Run 1-3 carbohydrate 
degradation in the ITHP configuration.  
For clarity, Figure 7.2 (2A and 2B) shows the trends in the three runs per digestion 
configuration studied. 
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Figure (7.2)  Summary - Carbohydrate degradation kinetics in ITHP and THP configurations 
combined from batch runs. 
A represents Carbohydrate degradation in ITHP configuration and B represents carbohydrate degradation in THP 
configuration
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To the data in Figure 7.1 regression equations were fitted and the degradation kinetics (k) 
of each step was obtained from the slope of the resultant equation. The carbohydrate 
biodegradation rate constants (k values) derived from the gradients of the equations fitted to 
different sections of the graphs in graphs 1A to 1F in Figure 7.1 above and the rate constants 
are reported in Table 7.2. Table 7.2 shows a summary of selected values of average 
carbohydrate degradation (decay) rate constants. The data in Table 7.2 shows that the THP 
configuration produced a higher initial k value (k1) than the k1 value of ITHP which indicates 
a faster degradation reaction in the THP configuration. This was expected as the THP feed 
was raw sludge and therefore highly degradable; whereas in the ITHP configuration, the feed 
was already digested substrate and naturally considered as un-digestible. However, the data 
shows that the degradation patterns of both configurations were similar. 
Table (7.2)  Summary of selected values of average carbohydrate degradation (decay) rate 
constants. 
 Carbohydrate degradation rate constants 
 THP ITHP MAD 
Kinetics 
Rate constant  
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
First Order 
k1 -0.060 0.78 k1 -0.027 0.71 k - 0.03 - 
k2 -0.001 0.90 k2 -0.001 0.86 - - 
Average k 
value 
-0.033 0.84 
Average k 
value 
-0.015 0.79 - - 
Reference This work Gonzalez, et al. (2006) 
  
The more negative the rate constant (k) value, the faster the rate of substrate degradation 
(Yusuf et al., 2011). In this case, it can be stated from Figure 7.1 that k1 representing the 
initial degradation of the carbohydrates which is faster than k2 in the degradation steps in all 
cases.  
Comparison of the kinetics degradation data in the THP and ITHP digestion configurations 
showed that the overall degradation of carbohydrate measured in the ITHP configurations 
was, as expected, slower than that of the THP configuration almost in all three runs used 
under the same experimental conditions. The difference between both configurations was the 
type of substrate used. In the THP experiments, raw sludge was used as the feed to the 
digesters, whereas in the ITHP an already digested sludge was digested. Generally, in both 
THP and ITHP configurations, the fast and steep carbohydrate degradation step was followed 
  
 166  
 
by much slower steady carbohydrate degradation. The stepwise carbohydrate degradation 
characteristics found during this study was previously reported by Krylow and Tal-Figiel 
(2003) although in conventional MAD.  
For the duration of the sludge anaerobic digestion process, the performance of one step 
impacts on the next; for example the performance of acetogenic bacteria relies on the 
performance of the hydrogen scavenging bacteria (CIWEM, 1996). Krylow and Tal-Figiel 
(2003) also reported that the overall sludge organic matter degradation path followed a multi- 
stepwise kinetics.  
During the ITHP process the faster initial degradation of carbohydrate followed the first 
order kinetics with k values ranging from -0.001 to -0.027 per day. Similarly, the slower 
second part of the carbohydrate concentration reduction in the ITHP configuration followed a 
first order kinetics with a rate constant value of -0.001 per day, whereas, in the THP 
configuration, the faster initial reduction in carbohydrate concentration also followed a first 
order kinetic reaction with a rate constant ranging from - 0.001 to - 0.060 per day.   
This was also followed by a slower carbohydrate concentration reduction based on a first 
order kinetics with a rate constant of - 0.001 per day. These findings compare well with the 
results reported by Converti et al. (1998) from pre-hydrolysed lignocelluloses methane 
fermentation study. 
The r
2 
values in Table 7.2 show that the data displayed a good fit. THP yielded r
2
 value 
ranging from 0.78 -0.90 per day with an average value of 0.84 per day and ITHP produced r
2
 
value ranging from 0.71- 0.86 per day with an average value of 0.79 per day.  
Overall, the carbohydrate degradation rate constants in both configurations studied varied 
throughout the digestion time confirming the multi-stage nature of bacterial activity. Forty 
eight hours after setting up of the experiment, changes in rate constants were observed. A fast 
initial decrease in carbohydrate concentration demonstrated a high substrate consumption 
often followed by a slower decline (Figures 7.1, 1A and 1F).  
The initial k value of sludge carbohydrate degradation from the THP configuration was 
higher than the values reported by Gonzalez (2006) for conventional mesophilic anaerobic 
digestion process.  
However, the k value of sludge carbohydrate degradation from ITHP configuration was 
close to the value reported for MAD process by Gonzalez (2006).  This improved ITHP 
configuration performance is attributed to the impact of the thermal hydrolysis process on 
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sewage sludge which reduced the sludge particle size, solubilised the particulate organic 
matter and created faster biochemical reaction. The carbohydrate degradation data obtained in 
both the THP and ITHP configurations was in agreement with the kinetic model and 
mechanisms that describes the complex stepwise degradation of organic matter reported by 
Krylow and Tal-Figiel (2003).  
The reproducibility of the data between repeated digestions runs was difficult to achieve 
due to the changing nature of the sludges used. This influenced the concentration of sludge 
feed constituents and associated biopolymers. However, the overall sludge composition 
degradation kinetics profile and trends were consistently reproducible. 
From these results it was possible to conclude that ITHP configuration had a positive 
impact on sludge carbohydrates contents and speeded up its degradation during mesophilic 
anaerobic digestion process. Furthermore, the following section looks at the impact of ITHP 
on sludge proteins contents and assess if the ITHP configuration had similar impact on sludge 
proteins content of already digested sewage sludge. 
7.4.2  Impact of ITHP and THP configurations on proteins biodegradation Kinetics 
Figures 7.3, A to F show the stepwise reduction in protein concentration with time 
obtained from both the THP and ITHP configurations.  
The graphs showed a distinct stepwise concentration reduction with time consistent under 
all experimental conditions.   
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Figure (7.3) Protein degradation kinetics during three runs of batch anaerobic digestion of 
sewage sludge using THP and ITHP configuration. 
Where, A,C,E are Run 1-3 Proteins degradation THP and  B,D,F are Run 1-3 Proteins degradation- ITHP.  
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For clarity, Figure 7.4 (2A and 2B) shows the trends in the three runs per digestion 
configuration studied. 
 
 
Figure (7.4)  Summary of Protein degradation kinetics in ITHP and THP configurations 
combined from batch runs.  
Where, A represents protein degradation in ITHP configuration and B represents protein degradation 
in THP configuration. 
 
The proteins biodegradation rate constants (k values) were derived from the gradients of 
the equations fitted to different sections of the graphs in Figures 7.3. The summary of the 
proteins degradation rate constants are reported in Table 7.3.  The r
2
 values in Table 7.3 shows 
that the data displayed a good fit; THP yielding r
2
 values ranging from 0.78 - 0.92 with an 
average value of 0.85 per day and ITHP produced r
2
 values ranging from 0.79 – 0.93 with an 
average value of 0.86 per day. In both digestion configurations, 24 hours after setting up of 
batch anaerobic digestion experiment, changes in proteins degradation rate constant was 
observed. A fast initial decrease in protein concentration demonstrated a high proteins 
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consumption often followed by a slower decline (Figures 7.3, A and F).  This protein 
degradation pattern is similar to that of carbohydrates discussed above (section 7. 4.1). 
Table 7.3 show that the ITHP configuration produced a slightly higher initial k value (k1) 
than that of THP which indicates a slightly faster degradation reaction in the ITHP 
configuration due to combined effects of thermal and biological processes involved. This 
finding is in agreements with the results obtained from the semi-continuous anaerobic 
digestion experiment reported in Chapter 6. However, the overall degradation patterns of both 
configurations were similar.  
 
Table (7.3) Summary of values of average proteins degradation (decay) rate constants. 
 Proteins degradation rate constants 
Kinetics THP ITHP MAD 
 
Rate constant  
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
First 
Order 
K1 -0.01 0.92 K1 -0.02 0.93 K -0.02 0.50 
K2 -0.001 0.78 K2 -0.001 0.79 - - 
Average 
K value 
-0.010 0.85 
Average K 
value 
-0.011 0.86 - - 
Reference This work Gonzalez, et al. (2006) 
 
 
During the ITHP process the faster initial degradation of proteins followed the first order 
kinetics with k values ranging from (-0.001 to -0.02) per day with an average rate constant of 
- 0.01 per day. In the THP configuration, the faster initial reduction in proteins concentration 
also followed a first order kinetic reaction with a rate constant values ranging from - 0.001 to 
- 0.01 per day.   
The initial k value of sludge proteins degradation obtained from ITHP configurations was 
closer to the value reported for MAD process by Gonzalez (2006).  This improved protein 
degradation process observed in the ITHP configuration performance is also attributed to the 
combined impact of thermal hydrolysis process and biological processes on sewage sludge, 
which solubilised the proteins proportion of sludge organic matter content and created faster 
biochemical reaction. Gonzalez (2006) suggested that when proteins concentration is higher 
than lipids concentration, proteins are readily degraded and according to this author, proteins 
degradation was more difficult to achieve than lipids degradation during conventional MAD 
process. The data obtained from this work showed that regardless of configuration type used, 
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the thermal hydrolysis process made the sludge proteins content amenable to anaerobic 
digestion process. The protein degradation data obtained from both the THP and ITHP 
configurations was also in agreement with the kinetic model and mechanisms that describe 
the complex stepwise degradation of organic matter reported by Krylow and Tal-Figiel, 
(2003).  
Although there was difference in the type of sludge feed used in both configurations, the 
comparison of the data in both sets of experiments showed that the overall degradation 
profile of protein measured in the ITHP configuration was similar to that of the degradation 
profile obtained from the THP configuration. According to Gonzalez (2006) and Shana et al. 
(2013), protein is a predominant constituent of SAS, measured as a percentage of sludge dry 
solid content. However, the proteins concentration between the repeated three runs was 
different, indicating seasonal changes in sludge composition over time. This means sludge 
can vary in its composition, but its degradation characteristics stay unchanged (Figures7.3). 
Generally, in both the THP and ITHP configuration, similar to that of carbohydrate 
degradation characteristic described in section 7.4.1, and Shana et al. (2013), fast and steep 
protein degradation step was followed by much slower steady protein degradation, however, 
as mentioned above, the protein degradation in the ITHP configuration was slightly faster (k 
= -0.02 per day) than that of THP configuration (k= -0.01 per day).  
In agreement with the findings from this research work, Ramsay and Pullammanapallil 
(2001) cited in Gong (2013) reported that the degradation of protein is slower than that of 
carbohydrates. Furthermore, the multi-step wise kinetics pattern of protein degradation during 
anaerobic digestion process as a part of sludge organic matter content was described by 
Mclnerney et al. (2009) cited in Wilson et al. (2009) and Bocher and Benjamin (2012). The 
authors described the process gradual, and showed that the proteins were hydrolysed into 
individual amino acids, which in turn are degraded to short-chain fatty acids and in turn, the 
short chain VFAs are converted to biogas by methanogenic bacteria. 
This work so far showed the significant impact of ITHP and THP configurations on 
sludge carbohydrates and proteins as part of sludge organic matter that followed multi-step 
wise kinetics pattern of degradation during anaerobic digestion process. In the following 
section, the impact of ITHP and THP configurations on sludge lipids content as part of sludge 
organic matter biodegradation process is analysed and discussed. 
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7.4.3  Impact of ITHP and THP configurations on lipids biodegradation  
Figures 7.5 (A and B) shows the average lipid degradation kinetics obtained from three of 
the experimental runs conducted. The individual data points and graphs of lipid degradation 
kinetics from the three batch digestion runs collected from the ITHP and THP configurations 
are presented in Appendix C. Figures 7.5, shows the stepwise reduction of lipid concentration 
with time in the ITHP and THP configurations.  
 
 
 
 
Figure (7.5)  Average lipids degradation kinetics during three runs of batch anaerobic 
digestion of sewage sludge using THP and ITHP configurations. 
  
A is a lipid degradation kinetics – THP configuration and B is a lipid degradation kinetics - ITHP configuration.  
A 
B 
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For clarity Figures 7.6 A and B show the lipid degradation trends in the three runs per digestion 
configuration studied. 
  
 
 
Figure (7.6)  Summary of lipids degradation kinetics of THP and ITHP configurations from 
combined batch runs.  
A is a lipid degradation in THP configuration and B is a lipid degradation in ITHP configuration. 
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The data showed that the overall lipids concentration removal characteristic in the ITHP 
configuration was similar to that of the THP configuration. As expected the THP 
configuration had a faster initial removal rate and had two staged lipids removal trend.  
During first stage, the lipids concentration was reduced from 257 mg/l to 24 mg/l within 
172.3 hours (circa 7.2 days) of digestion time, this is circa 91% lipid removal rate, whereas, 
during the second stage the lipids concentration was reduced from 24 mg/l to 16 mg/l within 
remaining 200 hours (8.3 days), which accounted a 3.1% lipid removal rate based on the 
initial lipid concentration.  
Similarly, in the ITHP configuration, the lipid removal showed two stages, faster during 
first stage and relatively slower second stage. During first stage, the lipids concentration was 
reduced from 291 mg/l to 86 mg/l within 43 hours of digestion time, which represented 70% 
lipid removal rate, whereas during the second stage the lipids concentration was reduced from 
86 mg/l to 21 mg/l (within 248 hours or 10.3 days of digestion time) which is 22% lipid 
removal rate based on the initial lipid concentration. The data from individual runs are 
presented in Appendix C.  
The remaining lipids residue in the digestates obtained from both configurations were 
higher than the minimum lipids threshold value reported in literature. According to Gonzalez 
(2006) when lipids concentration in the digesting sludge was higher than 1 mg g
-1
, it was the 
sludge constituents most easily degraded. The finding from this research configuration is in 
agreement with Gonzalez’s finding (Gonzalez, 2006). 
Similar to carbohydrate and proteins biodegradation process described in sections 7.4.1 and 
section 7.4.2 , the lipids stepwise biodegradation rate constants (k values) were derived from the 
gradients of the equations fitted to different sections of the graphs as shown in Figure 7.5, A to B 
above. Figure 7.6, A and B are the visual representation of anaerobic lipids biodegradation process 
during repeated runs of batch anaerobic digestion process.  
Table 7.4 shows the average rate constants calculated from all 3 runs used during this research 
work and the raw data used to produce this average values is presented in Appendix C (Table 11.3 C, 
table 11.4C and table 11.5C). 
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Table (7.4)  Summary of selected values of average lipids degradation (decay) rate constants. 
 Lipids  degradation rate constants 
 THP ITHP MAD 
Kinetics 
Rate constant  
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
Rate constant 
(per day) 
r
2
 
First Order 
k1 -0.025 0.93 k1 -0.057 0.97 k - 0.04 0.94 
k2 -0.001 0.31 k2 -0.006 0.97 - - 
Average k 
value 
-0.013 0.62 
Average k 
value 
-0.032 0.97 - - 
Reference This work Ercoskum and Ozkal, (2011) 
 
During the ITHP process the lipids degradation rate constant obtained ranged from -0.006 
to -0.057 per day, with average k value of - 0.032 per day (Table 7.4). The initial faster 
degradation of lipids followed the first  order kinetics with k values of 0.057 per day, and the 
second stage also followed a first order kinetics with k value of -0.006 per day.  
Likewise, during the THP process the lipids degradation rate constant obtained ranged 
from -0.001 to -0.025 per day, with average k value of - 0.013 per day. In the THP 
configuration, the faster initial lipids degradation rate followed a first order kinetics with k 
values of - 0.025 per day and the second section rather followed a pseudo first order kinetics 
with a k of 0.001 per day. When the lipids degradation rate constants obtained from the 
ITHP and THP configurations were compared, the data suggested that the lipid degradation 
in the ITHP configuration was faster than that of the THP configuration. 
The r
2
 values in Figure 7.5 indicated that the data displayed a good fit. THP yielded r
2
 
values ranging from 0.31 - 0.93 with an average r
2 
value of 0.62 and ITHP produced r
2
 of 
0.97 during both stages of lipid degradation with an average r
2 
value of 0.97. The literature 
value reported by Ercoskum and Ozkal (2011) for MAD is much higher than the values 
found in this research work for the ITHP and THP configurations (Table 7.4). 
During this anaerobic batch sludge digestion process, changes in rate constants in the 
THP configuration were observed between 6 to 172 hours after setting up the anaerobic 
digestion experiment, whereas in the ITHP configuration similar changes were observed 
between 6 to 60 hours, but extended changes in lipids concentration continued up to 324 
hours (13.5 days) after setting up of the anaerobic digestion experiment. In both 
configurations a fast initial decrease in lipids concentration demonstrated a high substrate 
consumption often followed by a slower rate of consumption (Figure 7.5, 1A and 3F).  
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Table 7.4 shows that the ITHP configuration produced higher initial k value (k1) to that of 
THP which suggested that the ITHP configuration was able enhance the anaerobic digestion 
process performance when utilising an already digested sludge and making digested sludge 
lipids constituents digestible.   
Although, the overall lipids degradation patterns in both configurations was similar; and 
the lipids concentration between the repeated three runs in each configurations was slightly 
different, indicating changes in sludge composition over time. This means sludge can vary in 
its composition due to varying amount of primary and SAS sludge input, but its degradation 
characteristics stay unchanged (Figure 7.6).  
This apparent digested sludge degradation and improved ITHP configuration performance 
was attributed to the combined impact of thermal hydrolysis on sewage sludge and prolonged 
anaerobic sludge digestion processes used in the ITHP configuration, which allowed the 
solubilisation of the particulate organic matter and faster biochemical reaction.  
As mentioned earlier, the reproducibility of the data between repeated digestions runs was 
difficult to achieve due to the changing nature of the sludges used. However, the overall lipids 
degradation kinetics profile and trends were consistently reproducible (Figure 7.6). 
In both cases, during this experimental period, it was noticed from the data obtained that 
the overall sludge digestion process was faster and there was no evidence of long chain fatty 
acid (LCFA) related inhibition observed, neither aceticlastic nor hydrogenotrophic 
methanogens were affected as reported by Koster and Cramer (1987); Lalman and Bagley 
(2001) cited in Jiang et al. (2012). 
The data obtained from this work rather suggested that lipids are utilised by the bacteria as 
one of their most significant substrates during the anaerobic digestion process (Gonzalez, 
2006). The hydrolysis products provide the main carbon source for bacterial growth (Hanaki 
et al., 1981 cited in Gonzalez, 2006) and lipids hydrolysis produced short-chain VFAs, CO2, 
and H2 which are the main end-products of acidogenesis (Horan, 1990). This finding suggests 
that lipids degradation is faster in the ITHP configuration than in the THP configuration. 
Therefore, this finding is slightly in agreement with reports in literature that described lipids 
as being difficult to degrade substrate (Hanaki et al., 1981 cited in Gonzalez, 2006; Sousa et 
al., 2009) during conventional digestion process including the THP configuration. Even some 
authors recommended limiting the amount of lipids input in the anaerobic digesters (Batstone 
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et al., 2000 cited in Gonzalez, 2006), but the use of ITHP configuration made the sludge lipids 
content highly amenable to anaerobic digestion process.   
 
7.5 Summary 
 
The sludge composition showed that the THP configuration digested sludge consisted of 
39% carbohydrates, 22% proteins, 2% lipids and 4% fibre contents, whereas, ITHP 
configuration digested sludge consisted of   36% carbohydrates, 26% proteins, 2% lipids and 
1% fibre contents. The high proportion of carbohydrate and protein fractions measured in the 
ITHP digested sludge indicated the existence of lysed biomass, i.e., extra-cellular polymeric 
substance (EPS). The carbohydrates degradation kinetics showed stepwise change in the 
carbohydrates concentration over time in both configurations.  
The data showed that, in both THP and ITHP configurations, the fast and steep 
carbohydrate degradation step was followed by much slower steady carbohydrate degradation. 
However, comparing the kinetics degradation data in THP and ITHP configurations showed 
that the overall degradation of carbohydrate measured in the ITHP configurations was, as 
expected slower than that of the THP configuration in all three runs.  
Overall, the carbohydrate degradation rate constants in both configurations studied varied 
throughout the digestion time confirming the multi-stage nature of bacterial activity. A fast 
initial decrease in carbohydrate concentration demonstrated a high substrate consumption 
often followed by a slower decline.  
The proteins degradation kinetics showed that a fast initial decrease in protein 
concentration, demonstrating a high substrate consumption that often followed by a slower 
decline. Particularly,  the ITHP configuration produced slightly higher initial k value (k1) than 
the k1 value of THP which indicates a slightly faster degradation reaction in the ITHP 
configuration due to combined effects of thermal and biological processes involved.  
The overall degradation profile of protein measured in the ITHP configuration was 
similar to that of the degradation profile obtained from the THP configuration. 
The lipid degradation kinetics pattern in both configurations also showed stepwise 
degradation. During the ITHP process the faster initial degradation of lipids followed the 
first order kinetics, whereas in the THP configuration, the faster initial reduction in lipids 
concentration also followed a first order kinetic reaction. 
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CHAPTER 8 
8. CONCLUSIONS AND RECOMMENDATIONS 
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 Conclusions 8.1
 
This research work provided the following conclusions  
 The use of THP as an intermediate thermal hydrolysis process, ITHP, 
(MAD+THP+MAD)) configuration offers significant advantages over conventional 
THP and CMAD configurations in terms of overall anaerobic digestion process 
efficiency. The ITHP configuration enhanced sludge volatile solid reduction and 
produced correspondingly higher biogas yield and enhanced sludge dewaterability. 
The ITHP configuration provided consistent digested sludge volatile solids in 
comparison with the THP and CMAD configurations; it sustainably produced the 
lowest digested sludge %VS solid content.   
 The ITHP configuration provided the highest average %VSr (62%) achieved 
compared to the THP configuration %VSr (47%). The THP configuration performs 
poorly under high digester volatile solids loading and relatively short HRT conditions. 
 The ITHP configuration provided longer HRT of 28 – 32 days which gave increased 
Solids Retention Time compared with 12 – 16 day HRT in THP configuration. As a 
result the ITHP configuration produced sustainable overall average biogas yield of 478 
m
3
/TDS sludge fed compared to the THP configuration that produced an average 
biogas yield of 345 m
3
/TDS sludge fed. The ITHP configuration produced on overall 
38% more biogas per TDS of sludge fed when compared to the THP configuration.  
 The sludge degradation kinetic work showed that in both the ITHP and THP 
configurations, the sludge constituents (carbohydrates, proteins, and lipids) 
degradation process follows stepwise process, where the initial faster degradation was 
followed by second stage slower degradation process. The ITHP treated sludge 
carbohydrates, proteins and lipids rate constants were -0.03, -0.02 and -0.06 for the 
first step and -0.001, -0.001 and -0.006 for the second step respectively, whereas the 
THP treated sludge rate constants for carbohydrates, proteins and lipids were -0.06, -
0.01 and -0.03 for the first step and -0.001, -0.001 and -0.01 for the second step 
respectively.   
  The ITHP configuration showed significant impact on sludge EPS contents, resulting 
in conversion of EPS (a solid biopolymer) into SMP (soluble fraction) and other more 
biodegradable substances.  
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 The steam consumption in the ITHP configuration was lower (1 to 1.2 kg steam per 
TDS sludge treated compared to THP configuration that consumed 1.1 to 1.7 kg stem 
per TDS sludge treated. 
 The ITHP configuration digested sludge dewaterability was as good as THP 
configuration and worked well with diluted polymer concentration (0.1 – 0.3% active) 
depending on polymer type used. The ITHP configuration digested sludge produced 
1.1 % point drier sludge cake when compared to THP configuration. 
 Both the ITHP and THP configurations produced enhanced treated sludge product 
with <2.5 log E.coli content, which is below detection limit. 
 This research work showed that the based on the all the digestion process performance 
parameters assed, the ITHP concept is feasible for integration into commercial scale 
sludge digestion process covering larger PE. 
 
8.2 Recommendations 
 
To confirm the findings of this research, further work should be carried out at pilot and 
full scale to ensure the reproducibility of the results. Moreover, it is recommended that 
thermal hydrolysis of untreated sludge should be limited to biological sludge- only 
treatment and already digested sludges containing hard to digest proportion. In order to 
gain improved understanding of the impact of THP treatment of an already digested 
sludge and re-digestion process, changes in microbiology of anaerobic digestion 
process should be investigated. The use of thermophilic digestion process instead of 
mesophilic should be considered in the ITHP configuration. 
The impact of EPS conversion to SMP on downstream process is worthy of further 
research. SMP from thermally hydrolysed sludge source has darker colour and the 
discharge of dewatered sludge centrate or liquor into the treatment work could distort 
the dissolved oxygen (DO) probe and other UV based probe performance.  
When the ITHP configuration digested sludge is dewatered, it is recommended to use 
diluted polymer concentration as this gives better sludge and polymer mixing and 
consequently, its subsequent dewaterability is improved. 
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The nutrient value of ITHP treated sludge should be investigated via plant growth trial 
as enhanced sludge volatile solid destruction leads to reduced nitrogen content, which 
is used as a replacement to commercial fertilisers.   
The environmental impact of the ITHP treated sludge nitrogen content should be 
investigated by leaching column experiment. 
  
 
  
  
 183  
 
9. REFERENCES 
 Abdurrahman, H. N., Azhary H. N., Vissliny A.P.S., Rajaletchumy, A.P.V.,  (2010). Kinetic Study of Sewage 
Sludge Treatment by anaerobic Digestion. J. Applied Sci. 10(3): 226 - 230 
 
ADAS, (2001).   The Safe Sludge Matrix 
 
Adeny, W.S., Rivard, C. J., Ming, S. A., Himmel, M. E., (1991). Anaerobic digestion of lignocellulosic biomass 
and wastes. Cellulases and related enzymes; Appl Biotechnol, 30, 165 – 183  
 
Ahring, B. K.., (2003). Perspectives for anaerobic digestion; In: Advances in Biochemical Engineering/ 
Biotechnology. T. Scheper (ed.), vol. 81, Springer-Verlag, Berlin Heidelberg  
 
Alam, S. S., (2013). Investigation of organics and ammonium adsorption by activated sludge. MSc Thesis, 
Chalmers University of Technology, Sweden 
 
Al-Malack, M. H., Abuzard, N. S., Bukhari, A.  A., and Essa, M. H., (2002). Characterization, utilization, and 
disposal of municipal sludge: the state of-the-art, King Fahd University of Petroleum & Minerals 
Dhahran, Saudi Arabia: The Arabian Journal for Science and Engineering, Volume 27, Number 1B. 
 
Andrew, P. J., (2006). Fenton Oxidation of Sewage Sludge for Removal of Potentially Toxic Elements.; Portfolio 
submitted for the degree of Doctor of Engineering in environmental Technology (EngD); The University 
of Surrey 
 
Angelidaki, I., (2004). Environmental biotechnology, AD – Biogas production, Environment and resources DTU, 
Technical University of Denmark 
 
APHA, (1998). Standard Methods for Examination of Water and Wastewater, 2th ed. American Public Health 
Association, Washington, DC 
 
Apples, L., Degreve, J., Van der Bruggen, B., Van Impe J., Dewil, R.; (2010). Influence of low temperature 
thermal pre-treatment on sludge solubilisation, heavy metal release and anaerobic digestion, Bioresource 
Technol. 101, 5743 -5748 
 
Appels, L., Baeyens, J., Degrève, J., & Dewil, R., (2008). Principles and potential of the anaerobic digestion of 
waste-activated sludge; Progress in Energy and Combustion Science. 34, 755-781.  
 
Aquino, S. F., and Stuckey, D. C., (2008). Integrated model of the production of soluble microbial products 
(SMP), and extracellular polymeric substances (EPS) in anaerobic Chemostats, during transient 
conditions.  Biochem Eng. J. 38, 138 – 146 
 
Aquino, S. F., (2004). Formation of soluble microbial products (SMP) in anaerobic digesters, run under stress 
condition, PhD thesis, Imperial College, London, UK. 
 
Ariunbaatar, J., Panico, A., Esposito, G., Pirozzi, F., Lens, P.N.L., (2014). Pre-treatment methods to enhance 
anaerobic digestion of organic solid waste. Applied Energy, 123, 143 -156 
 
Araujo, G. F., Williams, W. P., and Bailey, R. G., (2000). Fish Assemblages as Indicators of Water Quality in the 
Middle Thames Estuary, England (1980 – 1989). Estuaries Vol. 23, No. 3, pp 305 -317 
 
Archer, D. B., (1983). the microbial basis of process control in methanogenic fermentation of soluble wastes. 
Enzyme and Microbial Technology 5,162-169 
 
  
 184  
 
Asaadi, M., (2008) Review of the performance of an advanced digestion process; technical paper No 41, 13
th
 
European Biosolids & Organic Resources Conference & Workshop 
 
Asaadi, M., and Marsh, P., (2005). Acid Phase Digestion – Experience of two stage digestion at Swindon STW; 
10
th
 European Biosolids and Biowastes Conference, AquaEnviro, Manchester.  
 
Azami, H., Hossein, M., and Mehrnia, M. R., (2012). Soluble microbial products (SMPs) released in activated 
sludge systems: a review. Iranian Journal of Environmental Health science and Engineering. Available at 
http://www.ijehse.com  /contents /9/1/30  
 
Babbitt, H.E., Baumann, E.R., (1958). Sewerage and sewage treatment, 9th edition 
 
Bailey, E.J., Ollis, D.F., (1986). Biochemical engineering fundamentals, McGraw-Hill chemical engineering 
series, ISBN 0-07-0 66601-6 
 
Barber, W., (2002). The effect of ultrasound on anaerobic digestion of sludge, 7
th
 European Biosolids and 
Organic Residuals Conference Proceedings, Wakefield, UK. 
 
Barber, W., (2003). Full-scale case studies of part-stream ultrasound to improve sludge treatment, 8
th
 European 
Biosolids and Organic Residuals Conference Proceedings, Wakefield, UK 
 
Barber, R., Castle, B; Ganesh, S; Herbolsheimer, C., & Tran, V., (2010). The Future is Green: The Development 
of Perennial Grasses as a Source of Bioenergy Governor’s School for Agriculture, Virginia Tech, and 
Blacksburg, VA 24061, USA 
 
Barker, D.J., and Stuckey, D.C., (2001). Modelling of soluble microbial products in anaerobic digestion: the 
effect of feed strength and composition; Water environment; Res., 73, 2, 173-184 
 
Batstone, D.J., Keller, J., Newell, R.B., Newland, M., (2000). Modelling anaerobic digestion of complex 
wastewater: model development. Bioresource Technology, 75, 67 -74.  
 
Batstone, D.J., Keller, J., Angelidaki, I., Kalyuzhnyi, S.V., Pavlostathis, S.G., Rozzi, A., Sanders, W.T.M., 
Siegrist, H., Vavilin, V.A., (2002). The IWA anaerobic digestion model No. 1 (ADM1). Water Sci. 
Technol. 45 (10), 65–73  
 
Bidlingmaier, W., & Schmeiz, J., (2009). Basics of the anaerobic degradation process; Workshop,, Biogas plant-
technology planning Beijing, 22
nd
 – 24th of November 2009 
 
Bigot, W., (2011). The Developing Picture in the UK and Europe of AD in Veolia Water; a CIWEM-CSM 
Conference: Anaerobic Digestion - Realising the Potential Removing the Barriers, June 28
th
 2011, SOAS 
London.  Available online at http://www.coastms.co.uk/resource/2259/retrieve  [Accessed on 16 July 
2012] 
 
Bishnoi, P., (2012). Effect of Thermal Hydrolysis pre-treatment on an anaerobic digestion of sludge, MSc thesis, 
Virginia Tech. University 
 
Björnsson, L., Murto, M., Jantsch, T. G., and Mattiasson, B., (2001). Evaluation of new methods for the 
monitoring of alkalinity, dissolved hydrogen and the microbial community in anaerobic digestion, Water 
Research, 35, 2833 – 2840.  
 
Bocher, B.T.W.,(2012). Relating Methanogen Community Structure and Function in anaerobic Digesters, 
Dissertation paper 208 available at www.epubilications.marquette.edu/dissertaions_mu/208  
  
 185  
 
 
Bolin, K. M., Dooley, B., Keamy, R. J., (2007). Carbonization technology converts biosolids to an economic 
renewable fuel; EnerTech Environmental; Inc.; USA; available online at 
http://www.bvsde.paho.org/bvsaar/cdlodos/pdf/carbonizationtechnology591.pdf   
 
Bougrier, C., Delgenes, J. P., Carrere, H., (2008). Effect of thermal treatment on five different waste activated 
sludge samples solubilisation, physical properties and anaerobic digestion, Chem. Eng. J. 139, 236 -244 
 
Bougrier, C., Delgenes, J. P., Carrere, H., (2006). Combination of thermal treatments and anaerobic digestion to 
reduce sewage sludge quantity and improve biogas yield, process saf. Environ. Protection, 84, 280 – 284  
 
Bougrier, C., Delgenes, J. P., (2007). Impact of thermal pre-treatments on the semi-continuous anaerobic 
digestion of waste activated sludge. Biochemical Engineering Journal 34, 20 -27 
 
Braun, R., Huber, P., and Meyrath, J., (1981). Ammonia toxicity in liquid piggery manure digestion; 
Biotechnology Letters 3(4):159-164 
 
Buhr, H. O., Andrews, J. F., (1977). The thermophilic anaerobic digestion process, review paper, Water research 
11: 129-143 
 
Burke, D. A., (2000). Application of the AGF (Anoxic Gas Flotation) Process, the 4
th
 International Conference: 
Flotation in Water and Waste Water Treatment, Helsinki Finland, Finnish Water and Waste Water Works 
Association 
 
Cabral, C., (2012). Continuous Thermal Hydrolyses: the Key for Wastewater Power Plants; BC Water & Waste 
Association, 40th Annual Conference & Trade Show, April 21-25, 2012, Penticton; Available online at 
http://www.bcwwa.org/resourcelibrary/Tuesday16_1_CabralC_240412.pdf. [Accessed on 10July2012] 
 
Camacho, P., (2008). Combined experience of thermal hydrolysis and anaerobic digestion – latest thinking on 
thermal hydrolysis of secondary sludge only for optimum dewaterability and digestion; Water and 
environment federation 
 
Carlsson, M., Lagerkvist, A., Morgan-Sagastume, F., (2012). The effect of substrate pre-treatment on anaerobic 
digestion systems: A review, Waste Management 32 (2012) 1634 -1650 
 
Carrere, H., Dumas, C., Battimelli, A., Batstone, D. J., Delgenes, J. P., Steyer, J. P., Ferrer, I., (2010). Pre-
treatment methods to improve sludge anaerobic digestibility: A review. Journal of Hazardous Materials 
183 (2010) 1-15. Available on line, Accessed on 21 Jan 2011 
 
Carrington, E.G., Davis, R.D., (2001). Evaluation of sludge treatments for pathogen reduction – final report for 
European Commission Directorate-General Environment; WRC Ref: CO 5026/1. 
 
Cavinato, C., (2011). anaerobic digestion fundamentals. Summer school for biogas technology for sustainable 
second generation biofuel production .University of Venezia  
 
Chauzy, J., Kline, M., Cabral, C., Dimassimo, R., Eveillard, F., (2014). the different solution proposed by 
thermal hydrolysis process: Successful implementation of LD, DL and DLD configurations on several 
WWTP; Residuals and Biosolids conference; Water Environment Federation. Texas, USA. 
 
Chen, X. D., and Zhou, Q. Z. K.., (2001). Effect of temperature and pH on catalytic activity of the immobilized   
β-galactosidase from Kluyveromyces lactis, Biochemical Engineering Journal 9 33-40  
 
  
 186  
 
Chen, Q., (2010). Kinetics of Anaerobic digestion of selected C1 to C4 organic acids; An MSc thesis presented 
to the faculty of the graduate school, University of Missouri-Columbia 
 
Chen, Z., and Jiang, X., (2014). Microbiological safety of Chicken litter or Chicken-based organic fertilizer; a 
review; Agriculture 2014, 4, 1-29, doi: 10.3390 / agriculture 4010001 
 
CIWEM, (1996) Sewage sludge: stabilization and disinfection. Handbooks of UK Wastewater Practice, pp. 27-
29. 
 
Classen, P. A. M., Van, L. J. B., Lopez, C. A. M., Van, N. E. W. J., Sittsma, L., Stams, A. J., De, V. S., 
Westhuis, R A., (1999). Utilization of biomass for the supply of energy carriers. App. Microbiol; 
Biotechnol; 52: 741-755 
 
Clegg, D., clay, S., Smith, R., Parsons, S. A., and Cartmell, E., (2002). Digester pre-treatment: implications for 
digestibility, dewaterability and odour generation, Proceedings of the joint CIWEM and Aqua Enviro 
Technology Transfer, 7
th
   European Biosolids and Organic Residuals Conference. Wakefield, west 
Yorkshire, UK 
 
Conrad, R., (1999) Contribution of hydrogen to methane production and control of hydrogen concentration in 
methanogenic soils and sediments; FEMS Microbiol; Ecol 28: 193-202 
 
Cooper, P. F., (2001). Historical aspects of Wastewater treatment. In decentralized sanitation and reuse: 
concepts, systems and implementation. Edited by Lens P., Zeeman G., and Lettinga G.; IWA publishing, 
London (UK) 11 – 38 
 
Converti, A., Rezzani, L. G., Borghi, M. D., (1998). Kinetic study on methane fermentation of pre-hydrolysed 
lignocelluloses; Air and Waste  Manag. Assoc. J.48, 366-370  
 
Coulson, J. M., and Richardson, J. F., (1979). Chemical Engineering. Volume Three, Chemical reactor design, 
biochemical reaction engineering including computational techniques and control, Pergamon Press Ltd. 
England 
 
Cui, R., Jahng, (2006). Enhanced methane production from anaerobic digestion of disintegrated and deprotonated 
excess sludge; Biotechnol, Letter. 28, 331 – 538 
 
Dai, X., Dong, B., Luo, F., Dai, L., (2013). Degradation of Extracellular Polymeric Substances (EPS) in 
anaerobic digestion of dewatered sludge, Procedia Environmental Sciences 18, 515 – 521, International 
symposium on environmental Science and Technology (2013 ISEST). Available on line at 
www.sciencedirect.com, [accessed on 01 March 2014] 
 
Davis, P.S., (2005). The biological bases of waste water treatment. PhD published by Strathkelvin ins. Ltd. 
http://ww.strathkelvin.com [accessed on 01 March 2014] 
 
Dazza, P., (2012). Comparative study on the performance of mesophilic anaerobic digestion , thermal hydrolysis 
and thermal pre-treatment  followed by mesophilic anaerobic digestion of sewage sludge, MSC thesis; 
Imperial Collage London. 
 
De Lemos, C., and Carlos, A., (2007). Anaerobic reactors, Trans. Biological Wastewater Treatment Series, 
London, IWA publishing 
 
Defra, (2012). Wastewater treatment in the United Kingdom – 2012, implementation of European urban waste 
water Treatment Directive – 91/27/EEC, Department of Environment Food and rural Affairs (Defra). 
  
 187  
 
Available online: www.defra.gov/environment/quality/water/waterquality/sewage/sludge/index.ht. 
[Accessed on 09/12/13] 
 
Defra, (2007). Annex C6: Sewage sludge. In Waste Strategy for England 2007; the Stationery Office, Norwich 
UK 
Degremont, (1973). Water treatment handbook, 4
th
 Edition 
 
Demirel, B., Scherer, P., (2008). The role of acetotrophic and hydrogenotrophic methanogens during anaerobic 
conversion of biomass to methane: a review. Rev. Environ. Sci. Biotechnology. 7: 173 -190 
 
Deneux-Mustin, S., Larttiges, B. S., Villemin, G., Thomas, F., Yvon, J., Bersillon, L., and Snidaro, D., (2001). 
Ferric chloride and lime conditioning of activated sludges: an electron microscopic study on resin 
embedded samples, Wat. Res. Vol. 35 No. 12 pp 3018 – 3024 
 
Diekert, G., and Wohlfarth, G., (1994). Metabolism of Homoacetogens. Antonie Van Leeuwenhoek 66: 209 - 
221, 1994. Springer 
 
Devlin, D. C., Esteves, S. R. R., Dinsdale, E. M.,  Guwy, A. J., (2011). The effect of acid pre-treatment on the 
anaerobic digestion and dewatering ability of waste activated sludge, Bioresource Technology, 102, 4076 
- 4082  
 
Dhir, R. K.., Limbachiya, M. C., and McCarthy, M. J., (2001). Recycling and Reuse of sewage sludge. ISBN: 
0727729926 
 
Dong, B., Jiang, S., (2009). Characteristics and behaviours of soluble microbial products in sequencing batch 
membrane bioreactors at various sludge retention times; Desalination 243, 240 -250; 
Doi:10.1016/j.desal.2008.04.026 
 
Donoso, P. J., (2012). An experimental Investigation of advanced digestion processes for sewage sludge 
treatment; An MSc thesis and the diploma of Imperial College London 
 
Donoso-Bravo, A., Perez-Elvira, S., Americh, E., and Fdz-Polanco, F., (2010). Assessment of the influence of 
thermal pre-treatment time on the macromolecular composition and anaerobic biodegradability of sewage 
sludge. Bioresource Technol. 102, 660-666.  
 
Drawnel, A., (2010). Increase of biogas production at Kappála WWTP: Disintegration methods and laboratory 
scale biogas measurements, MSC thesis, presented at the royal institute of technology, Sweden. 
 
Dubois, M., Giills, k., Hamilton, J. K., Rebers, P. A., and Smith, F., (1956). Colorimetric method for 
determination of sugars and related substance; Analytical Chem.28 (93), 350-356 
 
EC, (2001). Evaluation of sludge treatment for pathogen reduction, report; 
www.ec.europa.eu/environment/waste/sludge/pdf/sludge_eval.pdf ; [Accessed on 16 December 2013] 
 
Ecke, H., Lagerkvist, A., (1997). Anaerobic treatment of putrescible refuse: a review, in: LU.o.T.D.o.L. Science 
(ed.), Report/Div. Landfill science and Technology 
 
Elliott, A., and Mahmood, T., (2007). Pre-treatment technologies for advancing anaerobic digestion of pulp and 
paper bio-treatment residues; Available at www.sciencedirect.com [Accessed on 22 February 2014] 
 
EPA, (1997). Wastewater Treatment Manuals: Primary, secondary and tertiary treatment. ISBN 1 899965 46 7 
  
 188  
 
EPA, (1978). Effect of thermal treatment of sludge on municipal wastewater treatment costs, Municipal 
Environmental Research laboratory 
 
Erocoskum, H., Ozkal, G. S., (2011). Kinetics of traditional Turkish sausage quality aspects during fermentation. 
Food control 22,165-172, Available on line on journal homepage: www.elsevier.com/locate/foodcont  
 
Fang, H. H. P., Wai-Chung, C, D.,(1999). Anaerobic treatment of proteinaceous wastewater under mesophilic 
and thermophilic conditions; Water, Science and Technology 40(1):77-84 
 
Felch, C., and Howdeshell, M., (2007). Zimpro wet Air Oxidation, SIMENS.  
 
Fernandes, X. A., and Kimber, L., (1990). WRc Standard (Biodegradability) test for amenability of sewage 
sludge to anaerobic digestion; report No.UM1053, WRc Swindon, UK  
 
Fountain, P., (2009). Understanding drivers for anaerobic digestion and sharing practical experiences in 
anaerobic digestion: Waste and water; AquaEnviro Technology Transfer- Leeds. 
 
Frolund, B., Palmgren, R., Keiding, K.., Nielsen, P. H., (1996). Extraction of extracellular polymers from 
activated sludge using cation exchange resin; Water Res. 30, 1749 – 1758 
 
Gallert, C., and Winter, J., (1997). Mesophilic and thermophilic anaerobic digestion of source sorted organic 
wastes: effect of ammonia on glucose degradation and methane production. Appl Microbial Biotechnol, 
48, 405 -10 
 
Garnier, C., Gorner, T., Lartiges, B. S., Abdelouhab, S., and Donato, P., (2005). Characterisation of activated 
sludge exopolymers from various origins: A combined size-examination chromatography and infrared 
Microscopy study. Water Res., 39, 3044 – 3054.  
 
Gavala, H. N., Yenal, U., Skiadas, I.V., Westermann, P., Ahring, B.K., (2003). Mesophilic and Thermophilic 
anaerobic digestion of primary and secondary sludge; Effect of pre-treatment at elevated temperature, 
Water Res. 37, 4561 -72 
 
Gerardi, M., (2003). The microbiology of digesters, wastewater microbiology series, John Wiley & Sons, Inc., 
USA, ISBN 0-471-20693-8 
 
Gerhardt, C. (2010). Analytical Systems, Fibrebag-systems, Fibretherm analysis, www.gerhardt.de, Accessed on 
28 February, 2013 
 
Gong, Z., (2013). in depth understanding of microbiology, metabolic pathways and kinetics in anaerobic 
digestion process, MSc thesis, Imperial College, London 
 
Gonzalez, M. V., (2006). Enhancing gas production in mesophilic anaerobic digestion, PhD Thesis, University of 
Surrey, UK. 
 
Gray, N. F., (2004). Biology of Wastewater Treatment, second edition, vol. 4, series on environmental sciences 
and management. Imperial College press, ISBN: 1-86094-328-4 
 
Griffin, M. E., McMahon, K. D., Mackie, R. I., Raskin, L., (2000). Methanogenic population dynamics during 
start-up of anaerobic digestion treating municipal solid waste and biosolids. Biotechnol. Eng. 57: 342-355 
 
Hanaki, K., Nagase, M., & Matsuo, T., (1981). Mechanism of inhibition caused by long-chain fatty acids in 
anaerobic digestion process. Biotechnol Bioeng 23: 1591–1610. 
  
 189  
 
 
Hansen, R. D., (2009). Water-related infrastructure in Medieval London; available online: 
www.waterhistory.org; [Accessed on 13 December 2013] 
 
Haug, R. T., Stuckey, C. D., Gossett, J.M., McCarty, P.L., (1978). Effect of thermal pre-treatment on digestibility 
and dewaterability of organic sludges, Water Pollution Control Federation, Vol. 50, No. 1(Jan., 1978), pp. 
73 -85. 
 
HMSO, (1964) Effects of Polluting Discharges on the Thames Estuary, Reports of the Thames Survey 
Committee and of the Water Pollution Research Laboratory, London: Her Majesty’s (H.M.) Stationary 
Office. 
 
Hobson, J., (1993). Mesophilic anaerobic digestion: performance and operational problems. WRc, Common 
interest research programme, Report No: UM 1353 
 
Hogan, F., Mormede, S., Clark, P., Crane, M., (2004).Ultrasonic sludge treatment for enhanced anaerobic 
digestion, Water Sci. Technol. 50, 25 -32 
 
Horan, N.J., (1990). Biological wastewater treatment systems; Chichester, Wiley  
 
Horan, N. J., Fletcher, L., Betmal, S. M., Wilks, S. A., & Keevil, C. W., (2004).  Die-off of enteric bacterial 
pathogens during mesophilic anaerobic digestion. Water Research, 38 (5), 1113-1120.  
 
Horan, N.J., Smyth, M., May, A., (2011). Optimisation of digester performance and gas yield through VFA 
specification, 16
th
 Biosolids and residuals conference, Wakefield UK 
 
Horan, N.J., (2014). Controlling the AD process – training that makes a difference and simple statistical 
techniques for operators of anaerobic digestion facilities, AquaEnviro Technology Transfer; Wakefield 
UK. 
 
Hughes, D. E., Stafford, D. A., Wheatly, B. I., Baader, W., Lettinga, G., Nyns, E. J., Verstraete,  
W., and Wentworth, R. L., (1981). anaerobic digestion: proceedings of the second international Symposium on 
Anaerobic digestion held in Germany. 2
nd
 edition, Netherlands, Elsevier Biomedical press. 
 
Hulshoff-Pol, L. W., (1998). Waste characteristics and factors affecting reactor performance. Lecture Notes by 
Hulshoff-Pol in International course on anaerobic wastewater treatment, Wageningen agricultural 
University, The delft, Netherlands. 
 
Igoni, A. H., Avotamuno, M., J.,  Eze, C. L., Ogaji, S. O. T., Robert, S. D., (2008). Designs of anaerobic 
digesters for producing biogas from municipal solid waste, Appl. Energy, 85, 430-8 
 
Ingildsen, P., (2002). Realising Full-Scale Control in Wastewater Treatment Systems Using In Situ Nutrient 
Sensors, Doctoral dissertation, Lund University 
 
Inman, D C., (2004). Comparative studies of alternative anaerobic digestion technologies, MSC thesis, Virginia 
Tech. University, USA 
 
IIyin, V. K. M., Korniushenkova, I. N., Starkova, L. V., Lauriavichius, K. S., (2005). Study of methanogenesis 
during bio-utilization of plant residues. Acta Astronautica, 56: 465-470 
 
  
 190  
 
IWPC, (1979). Unit process sewage sludge I: Production, preliminary treatment and digestion. Manuals of 
British practice in water pollution control. The institute of water pollution control. Maidstone, Pp15 - 20; 
35 - 44. 
 
Janus, T., Ulanicki, B., (2010). Modelling SMP and EPS formation and degradation kinetics with an extended 
ASM3 model. Desalination, doi: 10:10, 1016/J.desal.2010.05.021 
 
Ji, Z. and Chen, G., (2010). Effects of waste activated sludge and surfactant addition on primary sludge 
hydrolysis and short chain fatty acids accumulation. Bioresource Technology 101, 3457 – 3464 
 
Jiang, Y., Zhang, Y., & Banks, C. J., (2012). Determination of long chain fatty acids in anaerobic digesters using 
a rapid non-derivatisation GC-FID method; Water Science and Technology, 66, 741-747  
 
Jordening, H. J., and Winter, J., (2004). Environmental Biotechnology: Concepts and Applications, Wiley 
publishers, ISBN 3-527 -30585-8 
 
Judd S., (2013). Maths for Water and wastewater technologies; Process fundamentals for the design and 
operation of water and wastewater treatment technologies; Third edition 
 
Kafle, B. R., (2011). Innovative process for improving mesophilic anaerobic digestion of sewage sludge, MSc 
thesis, the University of Surrey 
 
Karia, G.L., and Christian, R.A., (2010). Wastewater Treatment: Concepts and design approach. Fifth printing; 
ISBN-978-81-203-2860-0 
 
Karivelil, R. A., (1992). Kinetic study of anaerobic digestion of Whey permeate in a batch reactor, MSc thesis, 
the University of Quebec 
 
Kepp, U., Machenbach, I., Weisz, N., Solheim, O. E., (2000). Enhanced stabilisation of sewage sludge through 
thermal hydrolysis – three years of experience with full scale plant, Water science and technology,.. 
Elsevier Science Ltd. UK, 42, 89 – 96 
 
Kepp, U., Panter, K., Solhem, O. E., (2009). High dry solid digestion CAMBI process, Online and available at  
www.cambi.com. 
 
Kepp, U., Machenbach, I., Weisz, N., Solheim, O.E., (1999a). Enhanced stabilization of sewage sludge through 
thermal hydrolysis – three years of experience with full scale plant, Athens, Greece, 
http://www.cambi.com 
 
Kepp, U., Weisz, N., Solheim, O.E., (1999b). Cambi- the Digester “Turbo Charger”, Barcelona, Spain, 
http://www.cambi.com  
 
Kerroum, D., Mossaab, B., Hassen, M. A., (2012). Production of biogas from sludge Waste and organic fraction 
of municipal solid waste. In Tech open publication.  Available online at www.intechopen.com  
 
Kim, D. J., Lee, J., (2012). Ultrasonic sludge disintegration for enhanced methane hydraulic retention time, 
Bioprocesses Biosyst. Eng. 35, 289 – 296 
 
Kopp, J., Kopman, T., (2010). Full scale continues thermal hydrolysis of waste activated sludge for the 
improvement of the sludge digestion and sludge dewatering in WWTP Geiselbullach in Germany, 
European Biosolids and Organic Resources, Aqua Enviro, Leeds, UK 
 
  
 191  
 
Koster, I. W., Cramer, A., (1987). Inhibition of methanogenesis from acetate in granular sludge by long-chain 
fatty acids; Appl Environ Micro 53: 403–409 
 
Krauss, W., (2011). Experience and performance with industrial sludge dewatering and the Bucher press; 16
th
 
European Biosolids and Organic Resources conference 
 
Kreuger, E., Nges, I. A., Bjornsson, L., (2011). Ensiling of crops for biogas production: effects on methane yield 
and total solids determination, Journal of Biotechnology for Biofuels, 2011,4,44  
 
Krylow, M., and Tal-Figiel, B., (2003). Kinetics of anaerobic processes, Institute of Water Supply and 
Environmental Protection, Cracow University of Technology, Poland  
 
Labatut, R. A., (2012). Anaerobic biodegradability of complex substrates: performance and stability at 
mesophilic and thermophilic conditions, PhD thesis, Cornell University 
 
Lalman, J. A., and Bagley, D. M., (2001). Anaerobic degradation and methanogenic inhibitory effects of oleic 
and stearic acids, Water Research, vol. 35, No. 12, 2975-2983  
 
Laspidou, C.S., Rittmann, B.E., (2002a). A unified theory for extracellular polymeric substances, soluble 
microbial products, and active and inert biomass, Water research 36, 2711-2720 
 
Laspidou, C.S., Rittmann, B.E., (2002b). Non-steady state modelling of extracellular polymeric substances, 
soluble microbial products, and activated and inert biomass; Water research 36, 1983-1992 
 
Le, S., Briddon, T., Harrison, D., Werker, A., (2006). Enzymatic hydrolysis technology demonstration-
production of enhanced treated biosolids for agricultural recycling. available online, accessed on 22 
November 2012 
 
Le, X. Y., Yang, S. F., (2007). Influence of loosely bound extracellular polymeric substances (EPS) on the 
flocculation, sedimentation and dewatering ability of activated sludge.; Water Research, 41, 1022-1030 
 
Li, H., Zou, S., Li, C., and Jin, Y., (2013). Alkaline post-treatment for improved sludge anaerobic digestion, 
Bioresource technology 140 (2013) 187 -191; available online at www.elsevier.com/locate/biortch; 
[accessed on 20 January 2014] 
 
Li, H., Jin, Y., Mahar, R. B., Wang, Z., Nie, Y., (2008). Effects and model of alkaline waste activated sludge 
treatment, Bioresource Technology 99, 5140 -5144 
 
Liden, G., Alvarez, R., (2007). the effect of temperature variation biogas generation process at high altitudes; 
Bioresource Technology 99 (2008) 7278 – 7284; Available online at WWW.sciencedirect.com. 
[Accessed on 3 January 2014] 
 
Lix, L. M., Keselman, J. C., & Keselman, H., (1996). Consequences of assumption violations revisited: A 
quantitative review of alternatives to the one-way analysis of variance F test. Review of Educational 
Research.66 (4), 579-619 
 
Liu, H.W., Walter, H.K., Vogt, G.M., Vogt, H.S., Holbein, B.E., (2002). Steam Pressure Disruption of Municipal 
Solid Waste Enhances Anaerobic Digestion Kinetics and Biogas Yield. Biotechnology and 
Bioengineering, Vol.77, No.2, January 2002. 
 
Lowry, O H., Rosebrough, J N., Farr, A L., and Randall, J. R., (1951). Protein measurement with Folin phenol 
reagent. Department of pharmacology, Washington university , schoool of medicine, St. Louis, Missori. 
 
  
 192  
 
Lu j., (2006). Optimisation of anaerobic digestion of sewage sludge using thermophilic anaerobic pre-treatment; 
PhD thesis, BioCentrum-DTU, The Technical University of Denmark 
 
Lue-Hing, C., (1998). Municipal sewage sludge management: a reference text on processing utilization and 
disposal vol. IV, 2
nd
 ed. Boca Raton, F. L. USA:CRC Press 
 
Lusk, P., (1998). Methane Recovery from Animal Manures: A Current Opportunities Casebook. 3
rd
 Edition, 
NREL / SR-25145; Golden, CO: National Renewable Energy Laboratory. Work performed by Resource 
Development Associates, Washington, DC. 
 
Mancini, G., (2012). Investigation of the kinetics of anaerobic digestion, MSc thesis, the University of Surrey. 
 
Matthiessen, P., Law, R. J., (2002). Contaminants and their effects on estuarine and coastal organisms in the 
United Kingdom in the late twentieth century; Environmental Pollution 120 (2002) 739-757; Available on 
line at WWW.elsevier.com/locate/envpol; [accessed on 13 December 2013] 
 
Maxwell, S. E., & Delaney, H. D., (2004). Designing experiments and analysing data: A model comparison 
perspective. , Psychology Press.  
 
McCarty, P.J., (2001). The development of anaerobic treatment and its future, Water Science and Technology, 44 
(8), 149 – 156 
 
McCarty P. L., McKinney R. E.; (1961) Volatile Acid Toxicity in Anaerobic Digestion; Journal WPCF 
33(3):223-232 
 
McCausland C., O’Connor F., (2013). The use of Six Sigma tools to reduce average polymer doses and 
variations in polymer doses at Ringsend STW. 18
th
 European Biosolids and organic resources conference 
and Exhibition; MANCHESTER, UK 
 
Mclnerney, M. J., Sieber, J.R., Gunsalus, R. P., (2009). Sytrophy in anaerobic global carbon cycles, Current 
opinion in Biotechnology, 20, 623-32 
 
Metcalf and Eddy, (2004) Wastewater engineering, treatment, disposal and reuse, International edition, McGraw-
Hill companies, Inc., New York 
 
Metcalf and Eddy, (1991) Wastewater engineering: treatment, disposal and reuse, International 3
rd
 edition, 
McGraw-Hill companies, Inc., New York 
 
Michitsch, R.C., (2004). Nutritive Value and Agricultural/Horticultural Uses of Intra-process Wastewater 
Generated From Anaerobic Digestion of Organic Wastes; MSc Thesis, Dept. of Land Resource Science, 
University of Guelph, Guelph, ON (Canada) 
 
Mills, N., (2011). The influence of heat balance on the economics of advanced anaerobic digestion processes. In: 
16th Biosolids: organic resources conference. Exhibition, AquaEnviro, Leeds 
 
Mills, N., Pearce, P., Farrow, J., Thorpe, R.B., Kirkby, N.F., (2014). Environmental and economic life cycle 
assessment of current and future Sewage sludge to energy technologies. Journal of Waste management. 
 
Mosey, F.E., Fernandes, X. A., (1989). Patterns of Hydrogen in Biogas from the Anaerobic-Digestion of Milk-
Sugars. Water Science and Technology 21(4-5):187- 196 
 
Murthy, S.N., Novak, J. T., (1998). Effects of potassium ion on sludge settling, dewatering and effluent 
properties; Water Science and Technology, 37: 317 – 324 
 
Nah, I. W., Kang, Y. W., Hwang, K. Y., Song, W. K., (2000). Mechanical pre-treatment of Waste activated 
sludge for anaerobic digestion process, Water Res. 34, 2362 -2368 
 
  
 193  
 
Navia, R., Soto, M., Vidal, G., Bornhardt, C., Diez, M. C., (2002). Alkaline pre-treatment of Kraft mill sludge to 
improve its anaerobic digestion processes; Bull. Environ. Contam.  Toxicol. 69, 869 -876 
 
Neis, U., Nickel, K., Tiehm, A., (2000). Enhancement of anaerobic sludge digestion by ultrasonic disintegration, 
Water Sci. Technol. 42 73 – 80 
 
Neyens, E., Baeyens, J., Dewil, R., and De heyder, B., (2004). Advanced sludge treatment affects extracellular 
polymeric substances to improve activated sludge dewatering. Journal of Hazardous Materials 106B, 83 – 
92. 
Neyens, E., Baeyens, J., (2003). A review of thermal sludge pre-treatment processes to improve sludge 
dewatering ability, J. Hazard, Material B98, 51-67  
 
Nges, I. A., Liu, J., (2009). Effects of anaerobic pre-treatment on the degradation of dewatered sewage sludge. 
Renewable Energy 34, 1795 – 1800, doi: 10.1016/j.renewable  
 
Ni, B., Rittmann, B. E., Yu, H., (2011). soluble microbial products and their implications in mixed culture 
biotechnology. Trends in Biotechnology, 29, 454 – 63, doi: 10.1016/j. tibtech. 2011.04.006 
 
Nielsen, H. B., Thygesen, A., Thomsen, A. B., Schmidt, J. E., (2011). Anaerobic digestion of waste activated 
sludge – comparison of thermal pre-treatments with thermal inter-stage treatments J. Chem. Technol. 
Biotechnology. 86 238 – 245 
 
Noel, N., Shana, A., (2006). The study of changes in microbiology during pre-treatment and anaerobic digestion 
of sewage sludge, Thames Water R&D research report 
 
Noguera, D.R., Araki, N., and Rittmann, B. E., (1994). Soluble microbial products (SMP) in anaerobic 
Chemostats, Bioethanol, Bioeng, 44, 1040-1047 
 
Noone, G. P., (2006). A review of mesophilic anaerobic digestion technology and the drivers for process changes 
– Monsal Ltd 
 
NWabane, J. T., Onikwuli, O. D., Ifeakandu, O. M., (2009. Biokinetics of anaerobic digestion of municipal 
waste, Int. J. Environ. Res. 3, 511-516. Iss: 1735 -6865. 
 
Pallant, J., (2010). SPSS survival manual: a step by step guide to data analysis using SPSS, 4th edition. 
Maidenhead; New York: McGraw Hill 
 
Panter, K., (2008). Mass balance and energy balance in high solid digestion following thermal hydrolysis pre-
treatment. 13th European Biosolids and Organic Resources Conference and workshop, 10 – 12th 
November; Lancashire, UK, available on www.European-biosolid.com  
 
Panter, K., (2002). A comparison of methods for pre-treating surplus activated sludge prior to anaerobic 
digestion.7
th
 European Biosolids and Organic Residuals Conference Proceedings, Wakefield, UK. 
 
Panter, K., and Weisz, (1997). Cost effective production of a dry pasteurised type cake using thermal hydrolysis 
and digestion, Proc. 2nd European biosolids and organic residuals conference, Wakefield, UK Aqua 
Enviro 
 
Parawira, W., (2008). Anaerobic treatment of agricultural residues and wastewater, Application of high rate 
reactors. PhD thesis, University of Lund 
 
Parkin, G. F., and McCarty, P. L., (1981). Production f soluble organic nitrogen during activated sludge 
treatment; Jour. WPCF, 53, 1, 99-112 
 
Pavlostathis, S. G., Gossett, A., (1985). Modelling alkaline consumption and digestibility improvement from 
alkaline treatment of wheat straw, Biotechnol, Bioeng, 27, 345 – 354 
 
Pearce, P., (2013). Wastewater treatment process management, lunch time seminar, Thames water R&D 
  
 194  
 
 
Pearce, P., (2010). Small and large scale Waste water treatment and disposal options, Thames Water R&D 
internal report 
 
Penaud, V., Delgenes, J. P., Moletta, R., (1999). Thermo-chemical pre-treatment of microbial biomass: influence 
of sodium hydroxide on solubilisation and anaerobic biodegradability. Enzyme and microbial 
Technology, 25, 258 - 263 
 
Penders, M. J., (2002). Senate Judiciary committee; testimony of Michael J. Penders; president Environment 
International committee; available online; [accessed on 12 December 2013]; 
www.esisecurity.com/senate_Judiciary_Testimony122_3_pdf 
 
Pereira, M. A., (2003). Anaerobic Biodegradation of Long Chain Fatty Acids: Biomethanisation of biomass-
associated LCFA as a challenge for the anaerobic treatment of effluents with high lipid/LCFA content; 
PhD thesis, University of Minho, Portugal  
 
Pletschke, B. I., Watson, S. D., Akhurst, T., Whiteley, C.G., Rose, P.D., (2004). Primary sludge floc degradation 
id accelerated under biosulphidogenic conditions: Enzymological aspects. Enzyme and microbial 
technology; 34 Elsevier Inc., 595-602 
 
Qasim, S. R., ( 1999). Wastewater treatment plants: planning, design and operation, 2
nd
 ed. Boca Raton: CRC 
Press 
 
Ramsay, I R., Pullammanapallil, P C., (2001). Protein degradation during wastewater treatment: Derivation of 
Stoichiometry; Biodegradation, 12, 247 -256.  
 
Randtke, J. S., (2000). Fifty years of progress and challenges for the next century;  Department of Environment 
and Civil Engineering, The University of Kansas Lawrence, KS 
 
Rapport, J., Zhang, R., Jenkins, B.M., Williams, R.B., ( 2008). Current Anaerobic Digestion Technologies Used 
for Treatment of Municipal Organic Solid Waste; Department of Biological and Agricultural Engineering 
of the University of California;  Available online at 
http://www.calrecycle.ca.gov/publications/organics/2008011.pdf. [Accessed on 15 July 2012] 
 
Reid, E., Liu, X., and , S. J., (2008). Sludge characteristics and membrane fouling in full-scale submerged 
membrane bioreactors;  Desalination 219, 240 – 249. 
 
Riedel, Jr. D.J., (2009). An Investigation into the Mechanisms of sludge reduction Technologies, Virginia 
Polytechnic Institute and State University; MSc thesis 
 
Riches, S., (2010). Delivery and Performance of the Great Billing Advanced Digestion Plant as part of Anglian 
Water’s AMP4 Biosolids sub, Proceedings of the 15th European Biosolids and Organic Resources 
Conference, November 2010, Horan, N.J.(ed), Aqua Enviro, Leeds, UK 
 
Robert, R., Le, S., Forester, C. F., (1998). An examination of thermophilic anaerobic digestion as the first stage 
in dual digestion, Institute of chemical engineers trans IChemE, 76: 245 -248 
 
Rus, E., Perrault, A., Mills, N., Shana, A., Asaadi, M., (2015). Intermediate Thermal hydrolysis Process, pilot 
Plant Performance Report. Progress report, Thames Water Innovation, sludge and Energy Team 
 
Shana, A., Asaadi, M., Morchoisne, T., and Marsh, P., (2003).  Acid Phase digestion pre-treatment and its impact 
on conventional mesophilic anaerobic digestion; Proceedings of the 8
th
 European Biosolids and Organic 
Residuals Conference 
 
Shana, A., Ouki, S., Asaadi, M., and Pearce, P., (2012). Comparative study of an innovative Intermediate thermal 
hydrolysis process (ITHP) and established anaerobic sludge digestion processes. IWA conference, Dublin 
 
  
 195  
 
Shana, A., Ouki, S., Asaadi, M., and Pearce, P., (2011). Application of an innovative process for improving 
mesophilic anaerobic digestion of sewage sludge; Proceedings from 16
th
 European biosolids and organic 
Resource s conference 
 
Shana, A., Ouki, S.K., Asaadi, M., and Pearce, P., (2013). The impact of intermediate thermal hydrolysis on the 
degradation kinetics of carbohydrates in sewage sludge, Bioresource Technology , doi: 
http://dx.doi.org/10.1016/j.biotech.2013.03.121   
 
Shana, A., Ouki, S. K., Asaadi, M., and Pearce, P., (2012). Influence of intermediate thermal hydrolysis process 
on the kinetics of anaerobic digestion of sewage sludge; Chem. Eng. Transac. 29, 267 -1272  
 
Shana, A., Ouki, S.K., Asaadi, M., and Pearce, P., (2014). Comparative study of the impact of different sewage 
sludge treatment process configurations on extractable extracellular polymeric substances and soluble 
microbial products in sewage sludge 
 
Shao, L. M., He, P.P., Yu, G.H., He, P. J., (2009). Effects of proteins, polysaccharides, and particle sizes on 
sludge dewaterability, Journal of Environmental Sciences, 21: 83 – 86. 
 
Shao, L., Wang, G., Xu, H., Yu, G., He, P., (2010). Effect of ultrasonic performance on sludge dewaterability 
and extracellular polymeric substances distribution in mesophilic anaerobic digestion, Institute of 
Environmental Sciences,   22, 474-480; available online at www.sciencedirect.com 
 
Smith, S.R., (2014).  How activated sludge has been transformed from a waste to resource, and the implications 
of this for the future of the activated sludge process, Imperial College London, UK.  
 
Sindall, R. C., (2014). Increasing the efficiency of anaerobic waste digesters by optimising flow patterns to 
enhance biogas production, PhD thesis, the University of Birmingham.  
 
Song, Y. C., Kwon, S., Woo, J., (2004). Mesophilic and thermophilic temperature co-phase anaerobic digestion 
compared with single-stage mesophilic and thermophilic digestion of sewage sludge. Water Research38, 
1653-1662, accessed on 31/05/2015, available at     www.elsevier.com/locate/waters  
 
Sousa, D.Z., Smidt, H., Alves, M. M., and Stams, A.J.M., (2009). Eco-physiology of syntrophic communities 
that degrade saturated and un-saturated long chain fatty acids; FEMS Microbiol Ecol. 68, 257–272 
 
Speece, R.E., (1996). Anaerobic biotechnology for Industrial Wastewaters, Archae Press publishers, ISBN 0-
9650226 -0-9  
 
Spinosa, L., Ayol, A., Baudesz, J. C., Canziani, R., Jenicek, P., Leonard, A., Rulkens, W., Xu, G., Dijkl., (2011). 
Sustainable innovative solutions for sewage sludge management. Water 2011, 3, 702 - 717 
 
Sundin, A. M., (2008). Disintegration of sludge – a way of optimizing anaerobic digestion, Aqua Enviro 
technology transfer, 13 European biosolids and organic resources conference and workshop. 
http://www.europeanbiosolids.com {accessed on 19 January 2011} 
 
Svensson, M., (2005). The technology and economy of farm-scale, high-solids anaerobic digestion of plant 
biomass; Department of biochemistry, PhD dissertation, the University of Lund 
 
Taricska, J. R., Long, D. A., Chen, P., Hung, Y. T., Zou, S.-W., (2009). Anaerobic Digestion, Biological 
Treatment Processes - Handbook of Environmental Engineering, Springer 8, 589–634 
 
Tchobanoglous, G., Burton, F. L., and Stensel, H. D., (2003). Wastewater Engineering: Treatment and reuse, 
trans. 4
th
 ed. London, McGraw-Hill 
 
Tezel, U., Tandukar, M., Hajava, M. G., Pavlostathis, S. G., (2014). Transaction of municipal sludge anaerobic 
digestion from mesophilic to thermophilic and long term performance evaluation, Bioresource 
Technology 170, 585 - 594 
 
  
 196  
 
Thauer, R K., Jungermann, K., Decker, K., (1977). Energy conservation in chemotrophic anaerobic bacteria. 
Microbiol. Rev. 41: 10-180 
 
Themelis, N. J., (2002).  Anaerobic digestion of biodegradable organics in municipal solid wastes, Columbia 
University, available on line at www.seas.colombia.edu.  
 
Tiehm, A., Nickel, K., Zellhorn, M., Neis, U., (2001). Ultrasonic waste activated sludge disintegration for 
improving anaerobic stabilisation, water Res., 35;2003-9 
 
Turovskiy, I. S., and Mathai, P. K.., (2006).  Wastewater sludge processing, New York: Wiley 
 
Urbain, V., Block, J. C., Manem, J., (1993). Bio-flocculation in activated sludge resin. Water Research, 30, 1749 
– 1758 
 
Vandevivere, P., De Baere, L., Verstraete, W., (1999). Unpublished manuscript online at 
www.seas.columbia.edu  accessed on 12 June 2015  
 
Vavilin, V. A., Rytov, S. V., Lokshina, Y. L., (1996). A description of hydrolysis kinetics in anaerobic 
degradation of particulate organic matter. Bioresource Technology. 56, 229 - 237. 
 
Vivalin, C. A., Fernnadez, B., Palatsi, J., Flotats, X., (2008). Hydrolysis kinetics in anaerobic degradation of 
particulate organic matter: an overview. Waste  Manag. 28, 939-951 
 
Verma, S., (2002). Anaerobic digestion of biodegradable organics in municipal solid waste, MSc thesis, 
Columbia University 
 
Voalo, A., Carrer, H., Delgenes, J. P., (2004). Thermal, chemical and thermo-chemical pre-treatment of waste 
activated sludge for anaerobic digestion. Journal of Chemical Technology and Biotechnology, 79, 1197-
1203.  
 
Vogt, G.M., Liu, H.W., Kennedy, K.J., Vogt, H.S., Holbein, B.E., (2002). Super blue box recycling (SUBBOR) 
enhanced two-stage anaerobic digestion process for recycling municipal solid waste: laboratory pilot 
studies; Bioresource Technology 85, 291–299. 
 
Vorgstrom, Y., (2011). Pre-treatment technologies to increase the methane yields by anaerobic digestion in 
relation to cost efficiency of substrate transportation, MSc thesis, Linkoping University. 
 
Wang, H. W., Wu, D. L., Fan, J. H., Ma, L. M., (2008).  Effects of soluble extracellular polymeric substances 
(soluble EPS) on activated sludge dewaterability, Fresenius Environmental Bulletin, 17: 658 – 663 
 
Water    21, (2010).  IWA publishing, December 2010, pp 35 
 
Water UK, (2010) Recycling of Biosolids to land; Issue No: 23, http://www.water.org.uk 
 
Weismann, U., Choi, I.S., Dombrowski, E., (2007).  Fundamentals of biological wastewater treatment; ISBN: 
978-3-527-31219-1; Available on line; http://www.wiley-vch.de/books/sample/3527312196_c01.pdf. 
Accessed on 27 sept 2013 
 
Wheeler, A., (1979). The tidal Thames The history of a river and its fishes, Routledge and Paul, London  
 
Whitman, W. B., Brown, T. L., and Boone, D. R., (1992). The methanogenic Bacteria, In the Prokaryotes; S 
Balows, H. G., Truper M., Dworkin W., Harder and K.-H. Schleijer (eds.), Springer Verleg, New York, 
USA: 719-767 
 
Winkler, M., (1993).  Sewage sludge Treatments. Chemistry and Industry, 5: 237 – 240 
 
  
 197  
 
Wilson, C. A., Murthy, S. M., Novak, J.T., (2008). Laboratory-Scale Digestibility Study of wastewater Sludge 
Treated by Thermal Hydrolysis. Residuals and biosolids conference; Water Environment Federation 
 
Wilson, C.A., Novak, J.T., Murthy, S.N., (2009). Thermal hydrolysis of the lipid and proteins fractions of 
Wastewater sludge. Implications for digester performance and operational considerations, Water and 
Environment Federation, WEFTEC 
 
WRAP, (2011) post note 387 September 2011 anaerobic digestion, the parliamentary office of science and 
technology  
 
Yusuf, M.O.L., Debora, A., Ogheneruona, D.E., (2011). Ambient temperature kinetic assessment of biogas 
production from co-digestion of horse and cow dung, Res. Agr. Eng., 57: 97–104 
 
Zaher, U., (2005). Modelling and monitoring the anaerobic digestion process in view of optimisation and smooth 
operation of WWTP’s, PhD thesis, Ghent University, Ghent, Belgium, pp. 346. Available online: 
http://biomath.ugent.be/publications/download/zaherusama_phd.pdf.  [Accessed on 21 December 2013]  
 
Zhao, Q., Kugel, G., (1996). Thermophilic/Mesophilic digestion of sewage sludge and organic wastes. 
Environmental sci. health.31:2211-2231 
 
Zieminski, K., Frac, M., (2012). Methane fermentation process as anaerobic digestion of biomass: 
Transformations, stage and microorganisms. African Journal of Biotechnology vol. 18: 4127-4139. ISBN 
1686-5315, Available online at http://www.academcjournals.org.  
 
Zeikus, J. G., (1977). The biology of methanogenic bacteria, Bact. Rev. 41: 514-541 
 
Zeng, R. J., Yu, H., Ni, B., Fang, F., Xie, W., and Sheng, G., (2010). Fractionating soluble microbial products in 
the activated sludge process. Water Research 44, 2292 – 2302 
 
Zhou, A., Yang, C., Kong, F., Liu, D., Chen, Z., Ren, N., and Wang, A., (2012). Improving short-chain volatile 
fatty acids production waste activated sludge stimulated by a bi-frequency ultrasonic pre-treatment.  J. 
Environmental Biology 34, 381-389 
 
Zuthi, M.F.R., Ngo, H.H., Guo, W.S., Zhang, J., Liang, S., (2013). A review towards finding a simplified 
approach for modelling the kinetics of the soluble microbial products (SMP) in an integrated 
mathematical model of membrane bioreactor (MBR); International Bio-deterioration and Biodegradation; 
http://dx.doi.org/10.1016/j.biod.2013.03.032 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 198  
 
 
 APPENDICES 10.
 
Appendix A 
Experimental Results of Chapter Five – Semi-continuous Anaerobic 
Digestion Experiments 
 
 
Introduction 
 
SPSS 21 software package containing One-way ANOVA ( analysing variability in order to 
compare means) was used to determine whether there were any differences between the 
means of important group (sludge treatment configurations) parameters measured in this 
research work.  
These parameters were sludge feed dry solid content, sludge feed volatile solid content, 
digested sludge dry solid content, digested sludge volatile solid content, digester volatile solid 
loading rate, sludge volatile solid reduction, and biogas yield. For the use of one way 
ANOVA, the following assumptions and the order of testing for these assumptions are listed 
(Pallant, 2010): 
1. There are no extreme outliers 
2. Each group’s data is approximately normally distributed 
3. The group have equal variance ( called homogeneity of variance) 
The assumption of homogeneity of variances of the whole group was assessed by Levene’s 
Test. The significant level of Levene’s test was to determine if variances were equal. A 
significant level smaller than 0.05 indicated the violation of assumption and in this situation a 
Welch ANOVA was carried out instead; otherwise, a normal ANOVA test was conducted. 
Overall, a post-hoc test was carried out for groups with significant difference shown by one-
way ANOVA test. There are many post-hoc options of test in SPSS 21 such as LSD, Turkey, 
Duncan etc., (equal variance assumed) and Games-Howell (equal variance not assumed). It is 
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important to note, that one – way ANOVA is fairly robust to violations of normality, which 
means the normality can be violated and still provide valid results (Maxwell and Delaney, 
2004). According to Lix and Keselman, (1996), the ANOVA test is also fairly robust to 
deviations from normality for equal or nearly equal sample size.  Furthermore, the assumption 
of normality of group parameters was assessed by Shapiro-Wilk’s test of normality (Lix and 
Keselman, 1996). In this research work, all the parameters compared showed violation for 
assumption of homogeneity of variances as assessed by Levene’s test as well as violations of 
normality as assessed by the Shapiro-Wilk test of normality. Thus, Welch ANOVA and 
Games-Howell (equal variance not assumed) tests were carried out. Box plotting was also 
used for detecting outliers in each group.  
The results obtained from the semi-continuous anaerobic digestion study used in this research work 
were presented in Chapter Five. In this Appendix, the complete sets of results as well as a summary of 
the statistical analysis of the data are presented. 
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Statistical Analysis Results of Chapter Five 
10.1 Digester Percentage Feed Sludge Dry Solids 
In the following Table 10.1A, the average weekly sludge feed dry solids data used in each digestion 
configuration is presented.   
Table (10.1A) weekly average laboratory scale anaerobic digesters feed dry solids (raw data) 
collected from Basingstoke STW. 
 
Weekly average sludge feed % dry solid  content  
Weeks run CMAD- ds in  DMAD - ds in ITHP - ds in THP -ds in 
Week1 4.8 5.0 5.0 4.7 
Week2 5.2 5.0 4.8 4.7 
Week3 5.2 5.0 5.1 4.6 
Week4 4.9 5.3 5.3 5.3 
Week5 4.2 5.4 5.3 4.9 
Week6 5.2 5.2 5.4 4.9 
Week7 5.9 6.6 6.6 6.2 
Week8 5.9 6.6 6.9 6.0 
Week9 6.0 7.2 7.2 6.7 
Week10 5.9 8.5 8.5 7.3 
Week11 5.7 8.0 8.0 7.2 
Week12 5.7 8.2 8.2 7.2 
Week13 5.7 9.3 9.3 8.2 
Week14 5.7 9.3 9.3 8.5 
Week15 5.8 9.5 9.5 7.9 
Week16 5.8 8.7 8.7 9.5 
Week17 5.8 10.3 10.4 9.5 
Week18 5.9 10.5 10.4 9.3 
Week19 5.8 10.4 10.5 9.4 
Week20 5.7 11.2 11.3 10.3 
Week21 5.5 11.3 11.4 8.1 
Week22 5.6 11.6 11.6 7.9 
Week23 5.8 12.5 12.4 8.7 
Week24 4.6 12.5 12.5 8.9 
Week25 5.3 9.8 9.7 8.0 
Week26 5.2 9.5 10.5 7.6 
Week27 5.0 10.9 12.5 10.6 
Week28 5.0 12.2 12.6 9.2 
Week29 5.0 7.4 9.0 9.2 
Week30 5.4 7.4 9.0 9.7 
Week31 5.7 7.9 9.6 10.0 
Week32 5.8 7.7 9.3 11.0 
Week33 5.9 7.9 8.4 10.9 
Week34 5.4 7.9 9.6 10.7 
Week35 5.1 6.0 8.8 8.9 
Week36 4.4 9.8 9.8 8.9 
Week37 5.0 9.3 8.8 9.1 
Week38 4.9 9.7 9.7 9.7 
Week39 5.1 10.1 10.1 10.5 
Week40 5.8 11.2 11.2 11.1 
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Statistical analysis of sludge feed percentage dry solids  
Figure 10.1A shows the box plot for group data outlier determination for the sludge feed 
dry solids used in the ITHP, THP, DMAD and CMAD configurations. 
 
Figure (10.1A) Box plot for group data outlier determination.  
Figure 10.1A also shows that there were no outliers in the sludge feed dry solids data, as 
assessed by visual inspection of the boxplot for values greater than 1.5 box-lengths from the 
edge of the box. In this regard, the assumption for ANOVA test was met. 
 
Test of normality distribution of each group data 
Table (10.2A)  Statistical group data normal distribution test performed on digester feed dry 
solids used for the ITHP, THP, DMAD and CMAD configurations.  
Treatment 
configurations 
Kolmogorov-Smirnov 
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
 ITHP 0.114 40 0.200* 0.94 40 0.03 
THP 0.119 40 0.155 0.93 40 0.021 
DMAD 0.102 40 0.200* 0.96 40 0.162 
CMAD 0.18 40 0.002 0.91 40 0.003 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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Table 10.2A shows that when the sludge feed dry solids, used in all the digestion 
configurations, were assessed for data normal distribution, only the sludge feed data 
in the DMAD configuration was normally distributed (p = 0.162), as assessed by 
Shapiro-Wilk’s test of normality (p > 0.05). However, the sludge feed dry solid 
content data in the remaining three configurations, ITHP (p = 0.030), THP (p = 
0.021) and CMAD (p = 0.003) were not normally distributed, as assessed by Shapiro-
Wilk’s test of normality (p < 0.05). Therefore, a post-hoc test was carried out for 
groups with significant difference shown by group variance test, regardless of the 
normality test violation observed.    
 
Test of equal variance (homogeneity of variance) –Levene’s statistics 
Table (10.3A) Statistical test of equality of means variance performed on sludge feed 
percentage dry solids used in the ITHP, THP, DMAD and CMAD 
configurations. 
  
 
 
The sludge feed dry solids data in Table 10.3A shows, that the assumption of homogeneity 
of variances was violated, as assessed by Levene’s test of homogeneity of variance (i.e., p < 
0.0001). Therefore, the feed dry solids data used in this research work did not have equal 
variance. Thus, the standard one-way ANOVA couldn’t be interpreted for this data 
comparison; as a result, a modified version of the ANOVA, Welch ANOVA was used.   
Robust test of Equality of means – Welch ANOVA tests 
Table (10.4A) Welch ANOVA test performed on sludge feed percentage dry solids used in 
the ITHP, THP, DMAD and CMAD configurations.  
  Statistic 
a
 df1 df2 Sig. 
Welch 77.948 3 70.353 0.000 
a. Asymptotically F distributed. 
 
Based on this Welch ANOVA test result shown in Table 10.4A, it can be concluded that 
there are statistically highly significant differences between the ITHP, THP, DMAD and 
CMAD configurations treated sludge feed dry solid content, Welch’s F value (3,70.35) = 
Levene’s 
Statistic 
df1 df2 Sig. 
16.716 3 156 0.000 
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77.95, p < 0.05 or P< 0.0001. Hence a post hoc (after event) test was conducted to find out 
which particular treatment configuration was responsible for the observed difference. 
Multiple comparisons of mean differences 
Table (10.5A) Multiple comparisons of mean differences Means difference comparison 
performed on sludge feed percentage dry solids used in the ITHP, THP, 
DMAD and CMAD configurations. 
                   
Methods 
 
                                                    (I)            (J) 
Mean 
difference  
   (I-J) 
Std. 
Error 
Sig. 95%Confidence Interval 
Lower 
bound 
Upper  
bound 
Games-Howell mean 
difference comparison 
ITHP 
THP 0.6917 0.4723 0.464 -0.549 1.932 
 DMAD 0.2844 0.5024 0.942 -1.034 1.603 
 CMAD 3.5511* 0.3676 0.00 2.568 4.534 
 
THP 
ITHP      
 DMAD -0.4072 0.464 0.817 -1.628 0.813 
 CMAD 2.8594* 0.314 0.00 2.02 3.698 
 
DMAD 
ITHP      
 THP      
 CMAD 3.2666* 0.3577 0.00 2.31 4.223 
 
CMAD 
ITHP      
 THP      
 DMAD      
  *. The mean difference is significant at the 0.05 level 
 
The data in Table 10.5A shows that the mean difference between the ITHP and THP 
configurations treated sludge feed dry solids was 0.69 percentage point. Therefore, it can be 
concluded with 95% confidence that the mean difference between the ITHP and THP 
configurations lies between -0.55 and 1.93 ranges.  Similarly, when the mean data between 
the ITHP configurations treated sludge feed dry solids and CMAD configurations treated 
sludge feed dry solid content were compared, the mean difference was 3.55 percentage point; 
this mean difference was statistically highly significant (p < 0.001). Thus, it can be concluded 
with 95% confidence that the mean difference between the ITHP and CMAD configurations 
treated sludge feed dry solids lies between 2.57 and 4.53 ranges. 
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Descriptive statistical data analysis 
Table (10.6A) Descriptive statistics performed on sludge feed dry solids used in the ITHP, 
THP, DMAD and CMAD configurations. 
 Methods N Mean 
Std. 
Deviation 
Std. 
Error 
95%Confidence 
Interval for mean feed 
DS content 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 8.96 2.28 0.36 8.24 9.69 4.8 12.6 
THP 40 8.27 1.93 0.31 7.66 8.89 4.6 11.1 
DMAD 40 8.68 2.21 0.35 7.97 9.39 5.0 12.5 
CMAD 40 5.41 0.46 0.07 5.27 5.56 4.2 6.0 
Total 160 7.83 2.34 0.18 7.47 8.20 4.2 12.6 
 
The data in Table 10.6A shows that the sludge feed dry solids used in the ITHP,THP, 
DMAD and CMAD configurations were 8.96 ± 2.28, 8.27 ± 1.93, 8.68 ± 2.21and 5.41 ± 0.46 
respectively.  From these data, with 95% confidence it can be concluded that the mean value 
of sludge feed volatile solid content in the ITHP, THP, DMAD and CMAD configurations 
correspondingly lies between 4.8 – 12.6%, 4.6 – 11.1%, 5 – 12.5% and 4.2 – 6 % 
respectively. Furthermore, the data shows that the ITHP, THP and DMAD configurations 
were not significantly different when visually assessed, however as expected the CMAD (5.41 
± 0.46) configuration used a much lower sludge feed dry solids. 
Figure 10.2A Shows error bars in the bar chart of the sludge feed mean dry solids measures 
in the digestion configurations investigated. 
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Figure (10.2A) Bar chart showing average sludge feed percentage dry solids used in the 
ITHP, THP, DMAD and CMAD configurations (error bar indicated).  
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10.2 Sludge Feed Volatile Solids 
Table 10.7A shows the raw sludge feed percentage volatile solids used in the ITHP, THP, 
DMAD and CMAD configurations. 
Table (10.7A)  Raw sludge feed percentage volatile solids used in the ITHP, THP, DMAD 
and CMAD configurations. 
Sludge feed percentage volatile solids     
Weeks 
run 
CMAD feed 
percentage VS 
- in 
Double MAD feed 
percentage VS - in 
ITHP feed 
percentage 
VS -in 
THP feed percentage 
VS - in 
    
Week1 76.0 63.9 63.9 75.9  
Week2 75.9 63.7 63.7 75.7  
Week3 77.3 64.2 64.2 77.8  
Week4 76.5 64.1 64.1 75.8  
Week5 77.8 64.5 64.5 77.8  
Week6 77.6 65.0 65.0 77.8  
Week7 77.4 65.1 65.1 77.1  
Week8 77.1 65.0 65.0 78.2  
Week9 74.7 64.6 64.6 74.3  
Week10 76.3 64.5 64.5 75.6  
Week11 77.7 64.0 64.0 78.1  
Week12 77.1 61.0 61.0 77.0  
Week13 77.5 60.8 60.8 77.4  
Week14 78.4 64.3 64.3 77.9  
Week15 76.7 63.4 63.4 77.8  
Week16 75.7 63.6 63.6 75.4  
Week17 75.9 63.4 63.4 75.9  
Week18 77.1 64.3 64.3 76.6  
Week19 78.4 63.7 63.7 78.4  
Week20 78.1 63.8 63.8 78.4  
Week21 77.0 63.7 63.7 77.3  
Week22 76.6 62.5 62.5 76.3  
Week23 77.6 66.0 66.0 77.5  
Week24 77.7 66.0 66.0 77.8  
Week25 77.5 61.0 61.0 77.4  
Week26 77.8 60.6 60.6 77.8  
Week27 77.6 60.1 60.1 77.8  
Week28 77.1 62.4 62.4 77.3  
Week29 76.5 61.4 61.4 76.7  
Week30 76.9 62.4 62.4 77.1  
Week31 75.6 61.5 61.5 75.4  
Week32 75.8 62.4 62.4 76.0  
Week33 75.1 61.1 61.1 75.1  
Week34 75.6 62.4 63.1 75.6  
Week35 75.5 62.4 62.4 75.5  
Week36 75.9 61.3 61.3 75.5  
Week37 76.6 63.5 63.5 76.8  
Week38 75.7 63.0 63.0 76.0  
Week39 75.3 64.3 64.3 75.0  
Week40 76.2 62.4 62.4 76.2  
Statistical analysis of sludge feed percentage volatile solids  
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Figure 10.3A shows a box plot used for group data outlier inspection for the mean sludge 
feed volatile solids measured in the digestion configurations used. 
 
Figure (10.3A) Showing Box plot for group data outlier determination.  
The graph shows that there were no outliers detected in the sludge volatile solids data, as 
assessed by visual inspection of a boxplot for values greater than 1.5 box-lengths from the 
edge of the box. 
 
Test of normal distribution of each sludge treatment configuration’s data  
Table 10.8A shows a statistical group data normal distribution test performed on feed mean 
percentage volatile solids of the semi-continuous digesters feed. 
Table (10.8A) Statistical group data normal distribution test performed on digester feed 
volatile solids used for the ITHP, THP, DMAD and CMAD configurations. 
Treatment 
configurations 
Kolmogorov-S mirnov 
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VS 
loading 
rate 
(kg/m3 
per day) 
ITHP .128 40 0.097 .96 40 0.181 
THP .13 40 0.85 .94 40 0.038 
DMAD .133 40 0.074 .96 40 0.181 
CMAD .095 40 0.200* .97 40 0.311 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
 
The data in Table 10.8A shows the sludge feed volatile solids data normal distribution test 
used in the ITHP, THP, DMAD and CMAD configuration; it was observed that the data 
normal distribution assumption was violated only in the THP configuration, (p<0.05). In 
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contrast, in the ITHP, DMAD and CMAD configurations, the assumption of data normal 
distribution in sludge feed volatile solids was met (p>0.05). Thus, the data showed, that the 
sludge feed volatile solids are normally distributed for the ITHP (p = 0.18), DMAD (p = 0.18) 
and CMAD (0.31) configurations, but no normal distribution was found for THP (p = 0.038) 
configuration. Due to the data obtained from each configuration has the same size, namely 40 
(Lix, Keselman and Keselman, 1996), the post-hoc ANOVA test was conducted regardless of 
the normality test violation. 
  
 Test of Homogeneity of Variances 
Table 10.9A shows a statistical group data normal distribution test performed on feed mean 
percentage volatile solid content of the semi-continuous digesters feed. 
Table (10.9A) Statistical group data homogeneity of variance test performed on sludge feed 
percentage volatile solids used in the ITHP, THP, DMAD and CMAD 
configurations. 
Levene Statistic df1 df2 Sig. 
4.455 3 156 .005 
 
The sludge feed volatile solid content data shows, that the assumption of homogeneity of 
variances was violated, as assessed by Levene’s test of homogeneity of variance (i.e., p < 
0.05). Therefore, the sludge feed volatile solids data used in most of the digestion 
configurations did not have an equal variance. Thus, the standard one-way ANOVA couldn’t 
be interpreted for all groups comparison; in this case, a modified version of the ANOVA was 
used – Welch ANOVA. 
Robust tests of Equality of means 
Table 10.10A shows a Welch statistical group data equality of means test performed on 
feed sludge volatile solids used in the digestion configurations investigated. 
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Table (10.10A) Welch ANOVA equality of means test performed on sludge feed percentage 
volatile solids used in the ITHP, THP, DMAD and CMAD configurations. 
  Statistic 
a
 df1 df2 Sig. 
Welch 1450.01 3 85.144 0.000 
a. Asymptotically F distributed. 
 
From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
concluded, that there is a statistically highly significant difference between the ITHP, THP, 
DMAD and CMAD configurations treated sludge feed volatile solids, Welch’s F value 
(3,85.14) = 1450.01, p < 0.001). However, this does not indicate particularly which treatment 
configurations are responsible for the significant results observed, so post hoc (after event) 
test needed to be consulted to find out which particular treatment configuration was 
responsible for the observed difference. In the following section the post-hoc test (multiple 
means difference comparison) is conducted to find out which particular treatment 
configuration was responsible for the observed difference. 
Multiple comparisons of mean differences 
Table (10.11A) Multiple comparison of means difference performed on sludge feed 
percentage volatile solids – data duplication removed. 
Mean differences of sludge feed volatile solid content (%) 
Treatment  
configurations 
                                                            (I)            (J) 
Mean difference    
(I-J) 
Std. 
Error 
Sig. 95% Confidence 
Interval 
Lower 
bound 
Upper 
bound 
Games-Howell 
mean difference 
comparison 
ITHP 
THP -13.52* 0.3 0.00 -14.30 12.70 
DMAD 0.02 0.34 1.00 -0.87 0.91 
CMAD -13.63* 0.28 0.00 -
14.269 
-12.76 
THP 
ITHP      
DMAD -13.54* 0.30 0.00 12.76 14.32 
CMAD -0.002 0.2297 1.00 -0.61 0.60 
DMAD 
ITHP      
THP      
CMAD -13.54* 0.28 0.00 -14.29 -12.80 
CMAD 
ITHP      
THP      
DMAD      
*. The mean difference is significant at the 0.05 level 
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The data in Table 10.11A shows the mean difference between the ITHP configurations 
treated sludge feed volatile solids and the THP configurations treated sludge feed volatile 
solids was -13.52 percentage points; this mean difference was statistically significant (p = 
0.0005 or p < 0.05). Therefore, it can be concluded with 95% confidence that the mean 
differences between the ITHP and THP configurations lies between -14.30 and -12.74 ranges. 
Similarly, when the mean between the ITHP configurations treated sludge feed volatile 
solids and CMAD configurations treated sludge feed volatile solids was compared, the mean 
difference was -13.53 percentage points; thus, as expected this sludge feed volatile solids 
mean difference was statistically significant (p = 0.0005 or p <0.05). Therefore, it can be 
concluded with 95% confidence that the differences in the mean sludge feed volatile solids 
data obtained from the ITHP and CMAD configurations lies between -14.30 and -12.78 
ranges.  
 
Descriptives statistics 
Table 10.12A shows the descriptive statistics performed on sludge feed volatile solids used 
in the ITHP, THP, DMAD and CMAD configurations 
Table (10.12A) Descriptive statistics performed on sludge feed volatile solids used in the 
ITHP, THP, DMAD and CMAD configurations. 
Descriptive analysis of sludge feed volatile solid content (%) 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 63.199 1.5081 .2385 62.716 63.681 60.1 66.0 
THP 40 76.723 1.0983 .1737 76.371 77.074 74.3 78.4 
DMAD 40 63.181 1.5134 .2393 62.697 63.665 60.1 66.0 
CMAD 40 76.724 0.9513 .1504 76.420 77.028 74.7 78.4 
Total 160 69.957 6.9076 .5461 68.878 71.035 60.1 78.4 
 
The data in Table 10.12A shows that the sludge feed volatile solids used in the ITHP, THP, 
DMAD and CMAD configurations were 63.20 ±1.50, 76.72±1.1, 63.18±1.51 and 76.72±0.95 
respectively.  From these data, with 95% confidence it can be concluded that the mean value 
of sludge feed volatile solids in the ITHP, THP, DMAD and CMAD configurations 
correspondingly lies between 60.1 - 66.0, 74.3 – 78.4, 60.1 - 66.0 and (74.7 to 78.4)). 
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The following bar chart shows a mean sludge feed volatile solids used in the ITHP, THP, 
DMAD and CMAD configurations (Error bars indicated). It can be seen from this bar chart in 
Figure 10.4A that all the digestion configurations had small error bar showing the use of 
sufficient sample size and the data used is most likely to represent the sludge volatile solids of 
the sludge sampled used(population) over the 40 week experimental period.   
 
 Figure (10.4A) bar chart showing means of sludge feed percentage volatile solids (error bars 
indicated) used in the ITHP, THP, DMAD and CMAD configurations.  
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10.3 Digester Volatile Solid Loading Rate 
Table 10.13A shows the weekly average digester volatile solids loading rate used during 
the 40 weeks experimental period.  
Table (10.13A) Weekly average digester volatile solids loading rate (raw data) used in ITHP, 
THP, DMAD and CMAD configurations.  
Digester VS loading rate (kg m
-3
 d
-1)
 
Weeks run CMAD Double MAD ITHP THP 
Week1 2.1 1.8 1.8 2.0 
Week2 2.2 1.8 1.7 2.0 
Week3 2.3 2.0 1.9 2.0 
Week4 2.1 2.1 2.1 2.3 
Week5 1.8 2.2 2.1 2.1 
Week6 2.3 2.1 2.2 2.1 
Week7 2.6 2.7 2.7 2.7 
Week8 2.5 2.7 2.8 2.7 
Week9 2.5 2.9 2.9 2.8 
Week10 2.5 3.4 3.4 3.1 
Week11 2.5 3.2 3.2 3.2 
Week12 2.5 3.1 3.1 3.1 
Week13 2.5 3.5 3.5 3.5 
Week14 2.5 3.7 3.7 3.7 
Week15 2.5 3.8 3.8 3.5 
Week16 2.5 3.5 3.4 4.0 
Week17 2.5 4.1 4.1 4.1 
Week18 2.5 4.2 4.2 4.0 
Week19 2.6 4.1 4.2 4.2 
Week20 2.6 4.5 4.5 4.6 
Week21 2.6 4.5 4.5 4.7 
Week22 2.7 4.5 4.5 4.5 
Week23 2.8 5.2 5.1 5.1 
Week24 2.2 5.1 5.2 5.2 
Week25 2.3 5.2 5.2 5.4 
Week26 2.4 5.1 5.6 5.6 
Week27 2.4 4.9 5.6 5.7 
Week28 2.4 5.7 5.9 5.6 
Week29 2.4 3.4 4.1 5.6 
Week30 2.5 3.5 4.2 5.6 
Week31 2.7 3.6 4.4 5.7 
Week32 2.8 3.6 4.4 6.3 
Week33 2.8 3.6 3.8 6.2 
Week34 2.6 3.7 4.1 6.1 
Week35 2.5 4.7 4.1 6.7 
Week36 2.5 6.0 6.0 5.9 
Week37 2.9 5.9 5.6 6.1 
Week38 2.8 6.1 6.1 6.5 
Week39 2.7 6.5 6.5 6.9 
Week40 2.8 7.0 7.0 7.4 
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Statistical analysis of digester volatile solid loading rate  
Figure 10.5A shows a box plot used for group data outlier inspection for the mean digester 
volatile solids loading rate measured in the digestion configurations studied.  
 
 
Figure (10.5A) Showing Box plot for group data outlier determination 
A single outlier was found in the CMAD digester volatile solids loading rate data, as assessed 
by visual inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the 
box. Thus, the assumption of no outlier in the group data was violated. However, as this was 
not an extreme outlier; and analysing the data with and without this outlier did not affect the 
final outcome or conclusion. As such, the outlier was not removed. 
Tests of Normality for digester volatile solid loading rate 
Table (10.14A) Statistical group data normal distribution test performed on digester volatile 
solids loading rate used for the ITHP, THP, DMAD and CMAD 
configurations 
Treatment 
configurations 
Kolmogorov-Smirnov 
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VS 
loading 
rate 
(kg/m3 
per day) 
THP .137 40 .056 .945 40 .050 
ITHP .104 40 .200
*
 .975 40 .518 
DMAD .108 40 .200
*
 .971 40 .378 
CMAD .204 40 .000 .932 40 .019 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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The data in 10.14A show that when the treatment configurations mean digester volatile 
solids loading rate data normality was tested, it was detected that the initial normality 
distribution assumption was violated for the CMAD configuration, (p = 0.019, p < 0.05). In 
contrast, in the ITHP (p = 0.518), DMAD (p = 0.378) and THP (0.05) configurations, the 
normality of digester volatile solids loading rate distribution assumption was met (p>0.05) in 
these three configurations.  
Although the normality distribution assumption was violated for the CMAD configuration, 
it is possible to conduct an alternative ANOVA test, using the post-hoc ANOVA test (Welch 
test).  According to Liz, Keselman and Keselman, (1996), one-way ANOVA is fairly robust 
to deviations from normality, particularly where the sample size in each configuration is 
equal. In this case, each configuration has the same size, namely 40; hence post-hoc ANOVA 
test was carried out regardless of this normality test violation.  
Test of Equality of variances (homogeneity of variances) 
Table (10.15A) Statistical group data homogeneity of variance test for digested sludge 
percentage volatile solids loading rate used in the digestion configurations  
Digester volatile solid loading rate (kg/m3 per day)   
Levene’s Statistic df1 df2 Sig. 
24.180 3 156 .000 
 
The Levene’s homogeneity variances analysis test for digester volatile solids loading rate 
showed that the assumption of homogeneity of variances was violated (i.e., p < 0.05 or p = 
0.0001). Therefore, the digester volatile solids loading rate data used in ITHP, THP, DMAD 
and CMAD configuration did not have an equal variance. Thus, the standard one-way 
ANOVA couldn’t be interpreted for all groups comparison; in this case, a modified version of 
the ANOVA was used – Welch ANOVA. However, the standard ANOVA test is given in the 
following sections just for comparison. 
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Robust tests of Equality of means 
Table (10.16A) Welch ANOVA statistical equality of means test performed on digester 
volatile solids loading rate used in the ITHP, THP, DMAD and CMAD 
configurations  
  Statistic 
a
 df1 df2 Sig. 
Welch 50.022 3 67.975 0.000 
a. Asymptotically F distributed. 
 
From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
concluded, that there is statistically significant differences between the mean digester volatile 
solids loading rate data used in the ITHP, THP, DMAD and CMAD configurations, Welch’s 
F (3,67.98) = 50.02, p <  0.0001). This difference was expected; particularly, as the VS 
loading rate in the THP and ITHP configurations were about 1.5 times more than the VS 
loading rate in CMAD configuration. In the following section the post-hoc test (multiple 
means difference comparison) is conducted to find out which particular treatment 
configuration was responsible for the observed difference. 
Multiple comparisons of mean differences 
 
Table (10.17A)   Multiple comparison of means difference performed on digester volatile 
solids loading rate– data duplication removed  
Mean differences of digester volatile solids loading rate (kg/m
3
 per day) 
                  Treatment configurations 
                                                    (I)            (J) Mean difference    
(I-J) 
Std. 
Error 
Sig. 95% Confidence 
Interval 
Lower 
bound 
Upper 
bound 
Games-Howell mean 
difference comparison 
THP 
ITHP 0.3825 0.3311 0.657 -
0.4872 
1.2522 
DMAD 0.4825 0.32912 0.464 -
0.3821 
1.3471 
CMAD 1.9650* 0.23445 0.000 1. 2833 2.6467 
ITHP 
THP      
DMAD 0.10 0.30154 0.987 -
0.6916 
0.8916 
CMAD 1.5825* 0.21761 0.000 0.9999 2.1651 
DMAD 
THP      
ITHP      
CMAD 1.4825* 0.21459 0.00 0.908 2.057 
CMAD 
THP      
ITHP      
DMAD      
*. The mean difference is significant at the 0.05 level 
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The mean difference between the THP configurations treated sludge volatile solids loading 
rate and the ITHP configurations treated sludge volatile solids loading rate was 0.38 
percentage points; the THP configurations treated sludge volatile solids loading rate was 
slightly higher, with 95%CI of -0.49 to 1.25. However, this difference was not statistically 
significant (p = 0.66 or p>0.05). 
Therefore, it can be concluded with 95% confidence that the differences between the THP 
configuration treated sludges volatile solids loading rate data and ITHP configurations treated 
sludge volatile solids loading rate lies between -0.49 and 1.25 ranges. But, when the mean 
difference between the ITHP configurations treated sludge volatile solids loading rate and 
CMAD configurations treated sludge volatile solids loading rate was compared, the mean 
difference was 1.58 percentage points; the ITHP configurations treated sludge volatile solids 
loading rate was higher, with 95% CI of 1.00 to 2.17. Thus, as expected this difference was 
statistically significant (p = 0.0005 or p <0.05). Therefore, it can be concluded with 95% 
confidence that the differences between ITHP configuration treated sludges mean volatile 
solids loading rate data and the CMAD configurations treated sludge volatile solids loading 
rate lies between 1.00 and 2.17 ranges. This difference can be pictorially viewed from the bar 
chart given below. 
 
Descriptive statistics 
Table (10.18A)  Descriptive statistics performed on digester volatile solids loading rate used 
in the ITHP, THP, DMAD and CMAD configurations  
Descriptive analysis of digester volatile solids loading rate (kg/m3 per day) 
 Treatment 
configurations N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
THP 40 4.46 1.60 .25 3.95 4.97 2.00 7.40 
ITHP 40 4.10 1.36 .22 3.65 4.51 1.70 7.00 
DMAD 40 3.98 1.34 .21 3.55 4.41 1.80 7.00 
CMAD 40 2.50 0.22 0.04 2.43 2.57 1.80 2.90 
Total 160 3.80 1.45 0.11 3.53 3.98 1.70 7.40 
 
The data in Table 10.19A shows that the mean digester volatile solids loading rate used in 
the ITHP,THP, DMAD and CMAD configurations were 4.10 ± 1.36, 4.46 ± 1.60, 3.98 ± 1.34 
and 2.50 ± 0.22 respectively.  From this data, it is clear that in spite of using an already 
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digested sludge as a digester fed, the ITHP configuration can function well, under higher 
digester volatile solids loading rate used. Furthermore, the bar chart in Figure 10.6A compares 
the average weekly digester volatile solid loading rate used in the ITHP, THP, DMAD and 
CMAD configurations.  
 
Figure (10.6A) Bar chart showing means of digester volatile solids loading rate (error bars 
indicated) used in the ITHP, THP, DMAD and CMAD configuration. 
 
10.4 Digested sludge percentage dry solids 
 
Table 10.19A shows the weekly averaged sludge percentage dry solids content used in the 
digestion configurations investigated 
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Table (10.19A) Weekly average digested sludge percentage dry solids content (raw data) 
obtained from ITHP, THP, DMAD and CMAD configurations 
Weekly mean digested Sludge percentage dry solid content 
Weeks run 
 
CMAD- dry solid out DMAD – dry solid out ITHP – dry solid out THP – dry solid out 
Week1 
 
3.3 3.4 4.3 4.6 
Week2 
 
3.3 3.4 4.3 4.2 
Week3 
 
3.5 3.4 3.8 3.6 
Week4 
 
3.2 3.5 3.6 3.8 
Week5 
 
3.0 3.3 3.4 3.6 
Week6 
 
3.0 3.3 3.4 3.2 
Week7 
 
3.2 3.1 3.5 3.0 
Week8 
 
3.1 3.1 4.1 3.1 
Week9 
 
3.0 3.0 4.5 3.1 
Week10 
 
3.0 3.1 5.0 3.1 
Week11 
 
3.2 3.8 5.0 3.3 
Week12 
 
3.2 4.3 4.6 3.3 
Week13 
 
3.9 4.7 4.4 3.4 
Week14 
 
3.1 5.0 5.0 3.3 
Week15 
 
3.4 5.2 5.6 3.4 
Week16 
 
3.4 5.7 6.0 3.7 
Week17 
 
3.3 5.8 6.1 3.9 
Week18 
 
3.3 6.5 6.4 4.2 
Week19 
 
3.1 5.8 6.2 4.4 
Week20 
 
3.0 5.4 6.0 4.0 
Week21 
 
2.9 5.4 5.8 3.9 
Week22 
 
2.8 5.3 5.8 3.9 
Week23 
 
2.9 5.9 5.5 4.1 
Week24 
 
3.1 6.2 5.4 4.4 
Week25 
 
3.3 6.0 5.6 4.5 
Week26 
 
3.2 5.9 5.7 4.6 
Week27 
 
3.2 5.9 5.9 4.7 
Week28 
 
3.3 5.9 6.8 4.9 
Week29 
 
3.9 5.7 6.7 5.0 
Week30 
 
3.6 5.9 7.4 5.2 
Week31 
 
3.4 6.3 7.2 5.8 
Week32 
 
3.4 6.4 7.4 5.4 
Week33 
 
3.6 6.6 7.4 5.7 
Week34 
 
3.6 6.8 5.7 5.6 
Week35 
 
3.7 6.8 7.0 5.6 
Week36 
 
3.8 7.2 7.5 6.3 
Week37 
 
4.3 6.6 7.9 5.9 
Week38 
 
3.8 6.7 7.0 5.8 
Week39 
 
3.6 6.7 7.0 6.3 
Week40 
 
3.7 6.8 7.1 7.0 
 
Statistical analysis of digested sludge percentage dry solids  
Figure 10.7A shows a box plot used for group data outlier inspection for the mean digested 
sludge dry solids content measured in the digestion configurations studied. 
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Figure (10.7A) Showing Box plot for group data outlier determination. 
 
A single outlier was detected in THP digested sludge and upon investigation it was found 
to be a data recording error (8.3% as opposed to 5.75%) and was replaced with a correct 
value. 
 
Tests of Normality distribution of digested sludge dry solids data 
Table (10.20A) Statistical group data normal distribution test performed on digested sludge 
percentage dry solids content.  
 
 
 
 
 
 
 
In the process of each group’s sludge digested sludge dry solids content data normality 
test, it was observed that the normality distribution assumption was violated only in the THP 
and DMAD configurations, (p<0.05 or p = 0.026 and 0.01, respectively). In contrast, in the 
ITHP and CMAD configurations, the assumption of normality distribution in sludge digested 
sludge dry solids content was met (p>0.05 or p = 0.118 and 0.001, respectively). Thus, the 
data showed that, the sludge digested sludge dry solids data are normally distributed for ITHP 
Treatment 
configurations 
Kolmogorov-Smirnov 
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Digested 
sludge 
percentage 
dry solid 
content 
(%) 
ITHP .097 40 .200
*
 .956 40 .118 
DMAD .182 40 .002 .879 40 .001 
THP .112 40 .200
*
 .937 40 .026 
CMAD 
.149 40 .026 .950 40 .074 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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(p = 0.118), CMAD (p = 0.74) configurations, but not normally distributed for THP (p = 
0.026) and DMAD (p = 0.001) configurations. However, one-way ANOVA is fairly robust to 
deviations from normality, particularly if sample size in each configuration is equal (Lix, and 
Keselman, 1996). In this case, each configuration has the same size, namely 40; hence post-
hoc ANOVA test was carried out regardless of this normality test violation. 
Test Homogeneity of variances in digested sludge percentage dry solids 
Table (10.21A) Statistical group data homogeneity of variance test performed on digested 
sludge percentage dry solids.  
Levene’s Statistic df1 df2 Sig. 
19.339 3 156 .000 
 
The data for digested sludge percentage dry solids obtained from all the digestion 
configurations used showed that the assumption of homogeneity of variances was violated, as 
assessed by Levene’s test of homogeneity of variance (i.e., p < 0.05). Therefore, the digested 
sludge dry solids data obtained from all the digestion configurations used did not have an 
equal variance. Thus, the standard one-way ANOVA couldn’t be interpreted for all groups 
comparison; in this case, a modified version of the ANOVA was used – Welch ANOVA. 
However, the standard  
Robust tests of equality of means for digested sludge dry solids 
Table (10.22A) Statistical equality of means test performed on digested sludge percentage dry 
solids used in the ITHP, THP, DMAD and CMAD configurations.  
Digested sludge percentage dry solids (%)   
 Statistic 
a
 df1 df2 Sig. 
Welch 69.060 3 72.571 .000 
a. Asymptotically F distributed. 
 
From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
concluded, that there is a statistically significant difference between the ITHP, THP, DMAD 
and CMAD configurations digested sludge dry solids, Welch’s F (3,72.57) = 69.06, p < 
0.0001). However, this does not indicate particularly which treatment configurations are 
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responsible for the significant results observed, so post hoc (after event) tests needed to be 
consulted to find out which particular treatment configuration was responsible for the 
observed difference. In the following section the post-hoc test (multiple means difference 
comparison is conducted to find out which particular treatment configuration was responsible 
for the observed difference. 
Multiple comparisons of mean differences 
Table (10.23A) Statistical comparison of means difference performed on digested sludge 
percentage dry solids used in the ITHP, THP, DMAD and CMAD 
configurations 
(I)                (J) 
Mean 
Difference 
(I-J) 
Std. 
Error Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
Games-
Howell 
mean 
difference 
comparison 
ITHP DMAD 0.43 0.30 0.47 -0.35 1.20 
THP 1.26
*
 0.27 0.00 0.56 1.95 
CMAD 2.34
*
 0.21 .00 1.77 2.90 
DMAD ITHP 
     
THP .826
*
 0.27 .02 0.113 1.54 
CMAD 1.91
*
 0.22 .00 1.32 2.49 
THP ITHP 
     
DMAD 
     
CMAD 1.10
*
 0.18 0.00 0.61 1.55 
CMAD ITHP 
     
DMAD 
     
THP 
     
*. The mean difference is significant at the 0.05 level; Digested sludge percentage DS (%)  
data duplication removed 
 
The mean difference between the ITHP configurations digested sludge dry solids and the 
THP configurations digested sludge dry solids was 1.25 percentage points; this difference was 
statistically not significant (p = 0.0005 or p < 0.05). Therefore, it can be concluded with 95% 
confidence that the differences in the digested sludges dry solids data obtained from the ITHP 
and THP configurations lies between -0.56 and 1.95 ranges. Similarly, when the mean 
difference between the ITHP configurations digested sludge dry solids and CMAD 
configurations digested sludge dry solids was compared, the mean difference was 2.34 
percentage points; thus, this difference was statistically significant (p = 0.0005 or p <0.05). 
Thus, it can be concluded with 95% confidence that the differences in the digested sludge 
mean dry solids content obtained from the ITHP and CMAD configurations lies between 1.77 
and 2.90 ranges.  
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Descriptive statistics 
Table (10.24A) Descriptive statistics performed on digested sludge percentage dry solids 
obtained from the ITHP, THP, DMAD and CMAD configurations.  
Digested sludge percentage dry solids (%) 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 5.6750 1.29333 .20449 5.2614 6.0886 3.40 7.90 
DMAD 40 5.2450 1.34659 .21291 4.8143 5.6757 3.00 7.20 
THP 40 4.4188 1.06589 .16853 4.0779 4.7596 3.00 7.00 
CMAD 40 3.3400 .32644 .05161 3.2356 3.4444 2.80 4.30 
Total 160 4.6697 1.39929 .11062 4.4512 4.8882 2.80 7.90 
 
The data in Table 10.24A shows that the mean digested sludge dry solids  used in the 
ITHP,THP, DMAD and CMAD configurations were 5.68 ± 1.29, 4.42 ± 1.07, 5.25 ± 1.35 and 
3.34 ± 0.33 respectively.  The data in table 10.25A show that the mean digested sludge dry 
solids obtained from the ITHP,DMAD, THP and CMAD configurations lie at 95% CI 
between 5.26 - 6.09, 4.81 - 5.68, 4.08 to 4.76 and (3.24.70 to 3.44 respectively. Furthermore, 
the bar chart in Figure 10.8A compares the average weekly digested sludge dry solids 
obtained from the ITHP, THP, DMAD and CMAD configurations (error bars indicated)  
 
Figure (10.8A)  Bar chart showing means of digested sludge percentage dry solids (error bars 
indicated) obtained from the ITHP, THP, DMAD and CMAD 
configurations 
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 10.5 Digested Sludge Volatile Solids Output 
Table 10.25A shows the digested sludge volatile solids measured in all the digestion 
configurations used. It is important to note the similarities of the sludge volatile solid obtained 
from the THP and CMAD configuration, indicating the inefficiencies of the use of THP as a 
sludge pre-treatment process.  
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Table (10.25A) Weekly average digested sludge percentage volatile solids (raw data) 
obtained from ITHP, THP, DMAD and CMAD configurations. 
Digested Sludge percentage volatile solids (%) 
Weeks run 
CMAD digested 
sludge percentage 
volatile solids - out 
DMAD digested 
sludge percentage 
volatile solids - out 
ITHP digested sludge 
percentage volatile 
solids - out 
THP digested sludge 
percentage volatile 
solids -out 
Week1 64.5 64.6 57.8 61.2 
Week2 64.3 64.6 60.1 65.6 
Week3 62.8 64.5 60.1 65.1 
Week4 65.7 64.4 60.1 65.9 
Week5 65.0 64.9 60.0 69.4 
Week6 64.3 65.4 60.0 68.4 
Week7 64.8 65.2 58.5 66.9 
Week8 65.8 65.2 55.3 66.3 
Week9 65.3 64.1 54.5 63.6 
Week10 64.9 64.2 54.3 63.8 
Week11 65.1 60.1 54.3 63.7 
Week12 65.5 62.0 54.7 63.0 
Week13 66.0 60.5 54.6 62.1 
Week14 64.8 60.9 54.3 62.5 
Week15 64.0 59.9 54.1 62.1 
Week16 63.9 58.8 54.0 63.0 
Week17 63.3 58.0 52.8 60.3 
Week18 63.2 57.7 53.2 61.4 
Week19 63.4 58.4 54.0 61.3 
Week20 64.5 61.3 53.5 61.7 
Week21 64.4 59.3 53.5 61.2 
Week22 64.4 59.2 53.4 62.2 
Week23 64.2 58.4 52.2 62.0 
Week24 63.5 58.4 53.5 62.3 
Week25 63.4 58.2 52.8 62.0 
Week26 63.5 58.8 52.4 61.7 
Week27 64.0 58.7 52.5 62.7 
Week28 64.8 60.7 54.3 63.5 
Week29 64.9 60.7 54.8 63.5 
Week30 63.9 60.0 54.5 63.0 
Week31 63.7 58.6 53.2 65.8 
Week32 60.3 59.0 53.5 62.2 
Week33 63.8 57.3 52.5 62.4 
Week34 64.2 56.8 54.1 64.0 
Week35 63.7 57.4 54.4 64.3 
Week36 63.9 58.2 54.8 66.6 
Week37 64.3 57.9 54.9 65.6 
Week38 63.6 58.3 53.8 65.0 
Week39 63.6 57.6 53.5 65.1 
Week40 62.8 57.9 53.7 64.7 
 
Statistical analysis of digested sludge percentage volatile solids  
Figure 10.9A shows a box plot used for group data outlier inspection for the mean digested 
sludge volatile solids measured in the digestion configurations studied. 
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Figure (10.9A) showing Box plot for group data outlier determination. 
There were no outliers in the digested sludge volatile solids data, as assessed by visual 
inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the box. 
 
Test of normality for mean digested sludge volatile solids data 
Table (10.26A) Statistical group data normal distribution test performed on digested sludge 
percentage volatile solids obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
Treatment level 
Kolmogorov-Smirnov 
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
VS out 
THP .127 40 .101 .943 40 .044 
CMAD .085 40 .200
*
 .974 40 .489 
DMAD .180 40 .002 .856 40 .000 
ITHP .126 40 .113 .939 40 .032 
*. This is a lower bound of the true significance. 
Appendix A.  Lilliefors Significance Correction 
 
The statistical data test shows that the normality distribution assumption was violated in 
the THP, ITHP and DMAD configurations, (p<0.05 or p = 0.044, P = 0.032 and 0.0005, 
respectively). In contrast, in the CMAD configuration, the assumption of normality 
distribution in digested sludge volatile solids was met (p>0.05 or p = 0.489). Thus, there was 
deviation from normality, but in this case, each configuration has the same size, namely 40; 
hence post-hoc ANOVA test was carried out regardless of this normality test violation. 
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Test of Equal variance (Homogeneity of variance) 
Table (10.27A) Statistical group data homogeneity of variance test performed on digested 
sludge percentage volatile solids obtained from the ITHP, THP, DMAD and 
CMAD configurations.  
Digested sludge volatile solids (%) 
Levene 
Statistic df1 df2 Sig. 
22.570 3 156 .000 
 
The digested sludge percentage volatile solids data showed that the assumption of 
homogeneity of variances was violated, as assessed by Levene’s test of homogeneity of 
variance (i.e., p < 0.05). Therefore, a modified version of the ANOVA was used – Welch 
ANOVA, but the standard ANOVA test is also given in the following sections just for 
comparison.  
Robust tests of Equality of means 
Table (10.28A) Statistical equality of means test performed on digested sludge percentage 
volatile solids obtained from the ITHP, THP, DMAD and CMAD 
configurations.  
  
 
 
 
 
From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
concluded, that there is statistically significant difference between the ITHP, THP, DMAD 
and CMAD configurations treated sludge feed volatile solids, Welch’s F (3,80.367) = 
695.099, p < 0.05 or p = 0.0005).  In the following section the post-hoc test (multiple means 
difference comparison) is conducted to find out which particular treatment configuration was 
responsible for the observed difference 
 
 
Digested sludge volatile solids (%) 
 Statistic
a
 df1 df2 Sig. 
Welch 695.099 3 80.367 .000 
a. Asymptotically F distributed. 
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Multiple comparisons of mean differences of digested sludge volatile solids 
Table (10.29A)  Statistical comparison of means difference performed on digested sludge 
volatile solids obtained from the ITHP, THP, DMAD and CMAD 
configurations – data duplication removed.  
Mean differences of digested sludge volatile solids (%) 
Treatment configurations 
(I)            (J) 
Mean 
difference 
(I-J) 
Std. Error Sig. 95% Confidence Interval 
Lower 
bound 
Upper bound 
Games-Howell mean  
difference comparison 
THP 
CMAD      
DMAD 3.275* 0.5498 0.00 1.834 4.716 
ITHP 9.463* 0.37601 0.00 8.469 10.4559 
CMAD 
THP 0.548 0.35349 0.42 -0.3917 1.4868 
DMAD 3.823* 0.45575 0.00 2.6073 5.0377 
ITHP 10.010* 0.22093 0.00 9.4286 10.5914 
DMAD 
THP      
CMAD      
ITHP 6.1875* 0.47344 0.00 4.931 7.4441 
ITHP 
THP      
CMAD      
DMAD      
*. The mean difference is significant at the 0.05 level 
 
The mean difference between the THP and ITHP configurations digested sludge volatile 
solids was 9.46 percentage points; the THP configurations digested sludge volatile solid 
content was significantly higher, with 95%CI of 8.47 to 10.46 ranges. Thus, this difference 
was statistically significant (p = 0.0005 or p < 0.05). Similarly, the mean difference between 
the CMAD and ITHP configurations digested sludge volatile solid content was 10.01 
percentage points; the CMAD configuration digested sludge volatile solids was higher, with 
95% CI of 9.43 to 10.59. Thus, this difference was statistically significant (p = 0.0005 or p 
<0.05). 
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Descriptive statistical data analysis 
Table (10.30A) Descriptive statistics performed on digested sludge percentage volatile solid 
content obtained from the ITHP, THP, DMAD and CMAD configurations.  
Descriptive analysis of digested sludge percentage volatile solids 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence 
Interval for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
THP 40 63.6775 2.08579 .32979 63.0104 64.3446 60.30 69.40 
CMAD 40 64.2250 .80471 .12724 63.9676 64.4824 62.80 66.00 
DMAD 40 60.4025 2.76781 .43763 59.5173 61.2877 56.80 65.40 
ITHP 40 54.2150 1.14232 .18062 53.8497 54.5803 52.20 56.10 
Total 160 60.6300 4.40211 .34802 59.9427 61.3173 52.20 69.40 
 
From the data in Table 10.30A it can be noticed that, the mean digested sludge percentage 
volatile solids obtained from the ITHP,THP, DMAD and CMAD configurations were 54.22 ± 
1.14, 63.68 ± 2.09, 60.40 ± 2.77 and 64.23 ± 0.81 respectively. The data in table 10.31A also 
shows that the mean digested sludge percentage volatile solids obtained in the ITHP, DMAD, 
THP and CMAD configurations lie at 95% CI between 52.20 – 56.10, 63.30 – 69.40, 56.58 – 
65.40 and 62.80 – 66.00 respectively. The decrease in the sludge feed volatile solids output 
observed in the ITHP and DMAD configurations were expected as both feed types were 
already digested sludges. The lowest digested sludge volatile achieved by the ITHP 
configuration shows, the overall enhanced sludge digestion process efficiency; this reveals the 
significance of this new treatment configuration and further reveals its positive economic and 
environmental impact judged by reducing sludge volume for disposal. 
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Figure (10.10A) Bar chart showing means of digested sludge percentage volatile solids (error 
bars indicated) obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
 
10.6 The impact of sludge digestion configurations on sludge Volatile solids reduction 
Table 10.31A shows the weekly average volatile solids reduction data calculated for the 
ITHP, THP, DMAD and CMAD configurations. 
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Table (10.31A) Weekly average volatile solids reduction data obtained from the ITHP, THP, 
DMAD and CMAD configurations. 
 
Overall volatile solid destruction (%) 
Weeks run CMAD DMAD ITHP THP 
Week1 42.75 42.50 56.79 49.99 
Week2 42.98 42.30 52.37 38.78 
Week3 50.24 46.58 55.66 46.58 
Week4 41.12 44.33 53.73 38.08 
Week5 47.05 47.28 57.16 35.49 
Week6 48.04 45.40 56.70 38.32 
Week7 46.19 45.34 58.90 39.85 
Week8 43.01 44.47 63.26 45.23 
Week9 36.30 39.44 59.33 39.66 
Week10 42.61 44.38 63.19 43.08 
Week11 46.65 56.78 65.91 50.90 
Week12 43.62 51.49 64.16 49.20 
Week13 43.89 55.64 65.11 52.21 
Week14 49.15 56.98 67.16 52.69 
Week15 45.81 54.50 64.12 53.45 
Week16 43.38 54.29 62.34 44.45 
Week17 45.26 56.07 64.39 51.75 
Week18 48.85 59.47 66.12 51.34 
Week19 52.36 61.32 67.66 56.36 
Week20 49.07 55.63 67.73 55.62 
Week21 46.08 56.46 65.68 53.65 
Week22 44.80 55.78 65.08 48.89 
Week23 48.10 59.44 68.45 52.63 
Week24 50.00 59.65 67.01 52.76 
Week25 49.72 59.53 67.59 52.33 
Week26 50.26 59.22 68.59 53.91 
Week27 48.71 59.01 68.14 51.92 
Week28 45.31 54.17 64.77 48.85 
Week29 43.22 52.69 62.82 47.09 
Week30 46.84 54.90 64.00 49.41 
Week31 43.21 54.22 63.25 45.98 
Week32 51.50 54.05 63.32 47.94 
Week33 41.74 55.61 63.46 45.08 
Week34 42.06 57.54 61.95 42.38 
Week35 43.02 56.30 61.35 41.55 
Week36 43.60 55.75 61.38 35.17 
Week37 44.89 57.92 62.75 42.43 
Week38 43.89 55.21 62.69 41.35 
Week39 42.85 55.46 62.35 37.78 
Week40 47.27 57.09 63.82 42.75 
 
  
  
 231  
 
Statistical analysis of sludge percentage volatile solids reduction  
Figure 10.11A shows a box plot used for group data outlier inspection for the mean sludge 
volatile solids reduction measured in the ITHP, THP, DMAD and CMAD configurations 
studied. 
 
Figure (10.11A) showing Box plot used for sludge volatile solids reduction data outlier 
inspection. 
 
There were no outliers in the sludge volatile solids reduction data, as assessed by 
inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the box. 
 
Test of normality of volatile solids reduction data 
Table (10.32A) Statistical group data normal distribution test performed on sludge percentage 
volatile solids reduction obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
 
 
Treatment 
configurations 
Kolmogorov-Smirnov
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Volatile 
solid 
reduction 
(%) 
ITHP .101 40 .200
*
 .955 40 .109 
DMAD .141 40 .045 .947 40 .062 
THP .104 40 .200
*
 .970 40 .350 
CMAD .071 40 .200
*
 .986 40 .900 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
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The mean volatile solid reduction data was normally distributed for all digestion 
configurations (p > 0.05) for ITHP (p = 0.11), THP (p = 0.35), DMAD (p = 0.06) and CMAD 
(p = 0.90). 
Tests of homogeneity of variances 
Table (10.33A) Statistical group data homogeneity of variance test performed on sludge 
percentage volatile solids reduction obtained from the ITHP, THP, DMAD 
and CMAD configurations.  
 
 
The comparison of mean sludge volatile solids reduction showed that the assumption of 
homogeneity of variances was violated, as assessed by Levene’s test of homogeneity of 
variance (i.e., p < 0.05). Therefore, the mean sludge volatile solids reduction data used did not 
have an equal variance. Thus, the standard one-way ANOVA couldn’t be interpreted for all 
groups comparison; in this case, a modified version of the ANOVA was used – Welch 
ANOVA. However, the standard ANOVA test is given in the following sections just for 
comparison. 
Robust tests of Equality of means 
Table 10.34A shows the equality of means test conducted on sludge percentage volatile 
solids reduction calculated in the digestion configurations investigated. 
Table (10.34A) Statistical equality of means test performed on sludge percentage volatile 
solids reduction obtained from the ITHP, THP, DMAD and CMAD 
configurations.  
 
 
Volatile solid reduction (%) 
Levene Statistic df1 df2 Sig. 
3.788 3 156 .012 
Volatile solid reduction (%)   
 Statistic 
a
 df1 df2 Sig. 
Welch 127.942 3 85.434 .000 
a. Asymptotically F distributed. 
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From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
concluded, that there is statistically significant difference between the ITHP, THP, DMAD 
and CMAD configurations digested sludge volatile solids reduction, Welch’s F (3,85.43) = 
127.94, p < 0.05 or p = 0.0005). In order to distinguish which particular treatment 
configurations are responsible for the significant results observed, a post hoc (after event) 
multiple means difference comparison was conducted. 
Multiple comparisons of mean differences 
Table (10.35A) Comparison of means difference performed on sludge percentage volatile 
solids reduction obtained from the ITHP, THP, DMAD and CMAD 
configurations . 
Mean differences of sludge volatile solids reduction (%) 
Treatment configurations   Mean 
Difference 
(I-J) 
Std. 
Error Sig. 
95% Confidence 
Interval 
  (I) (J) 
Lower 
Bound 
Upper 
Bound 
Games-
Howell 
mean 
difference 
comparison 
ITHP DMAD 9.93275
*
 1.18149 .000 6.8242 13.0413 
THP 14.86225
*
 1.12703 .000 11.8995 17.8250 
CMAD 17.60050
*
 .92252 .000 15.1779 20.0231 
DMAD ITHP           
THP 4.92950
*
 1.30868 .002 1.4934 8.3656 
CMAD 7.66775
*
 1.13731 .000 4.6704 10.6651 
THP ITHP           
DMAD           
CMAD 2.73825 1.08062 .063 -.1067 5.5832 
CMAD ITHP           
DMAD           
THP           
*. The mean difference is significant at the 0.05 level. 
 
The mean difference between the ITHP and THP configurations digested sludge volatile 
solids reduction was 14.86 percentage points; the ITHP configurations digested sludge mean 
volatile solid reduction difference was significantly higher, with 95%CI of 11.90 to 17.83 
ranges. Thus, this difference was statistically not significant (p = 0.0005 or p < 0.05). 
Therefore, it can be concluded with 95% confidence that the differences in the digested sludge 
volatile solids reduction data obtained from the ITHP and THP configurations lies between 
11.90 and 17.83 ranges. 
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Similarly, when the mean difference between the ITHP and CMAD configurations 
digested sludge volatile solids reduction was compared, the mean difference was 17.60 
percentage points; the ITHP configurations digested sludge volatile solid reduction was 
higher, with 95% CI of 15.18 to 20.02. Therefore, this difference was statistically significant 
(p = 0.0005 or p <0.05). Therefore, it can be concluded with 95% confidence that the 
differences in the digested sludge mean volatile solids reduction obtained from the ITHP and 
CMAD configurations lies between 15.18 and 20.02 ranges. This difference can be pictorially viewed 
from the bar chart given below. 
 From this, it is interesting to note, that the mean volatile solids reduction achieved by 
DMAD (an extended digestion process) was significant compared to THP and CMAD 
configuration. This difference can be pictorially viewed from the bar chart given below. 
Descriptive statistics 
Table (10.36A) Descriptive statistics performed on sludge percentage volatile solids 
reduction obtained from the ITHP, THP, DMAD and CMAD configurations . 
Volatile solid reduction (%) 
  N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence Interval 
for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 61.8518 4.36692 .69047 60.4551 63.2484 51.80 68.66 
DMAD 40 51.9190 6.06360 .95874 49.9798 53.8582 37.63 61.42 
THP 40 46.9895 5.63365 .89076 45.1878 48.7912 35.49 56.85 
CMAD 40 44.2513 3.86933 .61179 43.0138 45.4887 35.04 52.48 
Total 160 51.2529 8.39230 .66347 49.9425 52.5632 35.04 68.66 
 
From the data in Table 10.36A it can be noticed that, the mean VSr% calculated for the 
ITHP,THP, DMAD and CMAD configurations were 61.85 ± 4.37, 46.99 ± 5.63, 51.92 ± 6.06 
and 44.25 ± 3.87 respectively. The data in table 10.37A also indicated that the mean sludge 
VSr obtained from the ITHP, DMAD, THP and CMAD configurations lie at 95% CI between 
51-80 – 68.66, 37.63 – 61.42, 35.49 – 56.85 and 35.04 – 68.66 respectively. Figure 10.12A 
shows the bar chart representing the mean sludge volatile solids reduction obtained from all 
the digestion configurations investigated. 
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Figure (10.12A)  Bar chart showing means percentage volatile solids reduction (error bars 
indicated) obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
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 Biogas Yield  
Table (10.37A) weekly average biogas yield obtained from the ITHP, THP, DMAD and 
CMAD configurations.  
 THP ITHP CMAD DMAD 
 
Weeks run 
Biogas yield 
from THP 
(m
3
/TDS fed) 
Overall biogas yield from 
ITHP plus conventional 
MAD (m
3
/TDS fed) 
Biogas yield 
from CMAD 
(m3/TDS) 
Overall biogas  yield from 
double MAD plus 
conventional MAD (m
3
/ TDS 
fed) 
Week1 374 435 340 378 
Week2 362 403 337 380 
Week3 377 476 337 376 
Week4 384 482 339 382 
Week5 413 524 338 380 
Week6 338 493 334 380 
Week7 319 457 320 367 
Week8 257 440 297 367 
Week9 280 397 337 365 
Week10 285 452 321 364 
Week11 362 468 293 364 
Week12 340 459 267 367 
Week13 229 445 320 363 
Week14 378 434 317 363 
Week15 334 466 320 362 
Week16 389 482 339 363 
Week17 396 489 331 361 
Week18 385 492 296 362 
Week19 395 499 303 360 
Week20 391 502 312 361 
Week21 397 489 322 360 
Week22 396 481 325 360 
Week23 391 489 335 359 
Week24 394 489 350 359 
Week25 392 476 339 360 
Week26 369 479 346 359 
Week27 385 479 349 363 
Week28 386 488 345 360 
Week29 389 478 336 364 
Week30 372 473 324 362 
Week31 353 475 317 362 
Week32 295 473 314 363 
Week33 279 492 345 363 
Week34 290 472 328 363 
Week35 251 437 331 363 
Week36 302 464 349 358 
Week37 297 508 332 357 
Week38 267 403 318 357 
Week39 311 465 324 357 
Week40 294 492 339 356 
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Statistical analysis of biogas yield  
Figure 10.13A shows a box plot used for group data outlier inspection for the mean biogas 
yield measured in the ITHP, THP, DMAD and CMAD configurations studied. 
 
Figure (10.13A) Showing Box plot for group data outlier determination. 
A single outlier was found in the ITHP configuration biogas yield data, as assessed by 
visual inspection of a boxplot for values greater than 1.5 box-lengths from the edge of the 
box. This was associated to digester volatile solid loading being ramped and a relatively low 
biogas produced during this ramp up period was divided to a high solid throughput (TDS) i.e. 
m3/TDS fed. This scenario is also commonly experienced on a full-scale plant that often over 
feeds digesters. 
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Tests of Normality – Mean biogas yield 
Table (10.38A) Statistical group data normal distribution test performed on biogas yield 
obtained from the ITHP, THP, DMAD and CMAD configurations. 
Tests of Normality - mean biogas yield (kg  m
3
 per TDS fed per day) 
Treatment 
configurations 
Kolmogorov-Smirnov
a
 Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Overall 
biogas 
yield m3 
per TDS 
fed 
ITHP .139 40 .050 .934 40 .021 
THP .181 40 .002 .888 40 .001 
DMAD .119 40 .165 .946 40 .053 
CMAD .093 40 .200
*
 .977 40 .564 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
 
The biogas yield normal distribution test was conducted. This indicated that the normal 
distribution assumption for biogas yield obtained from ITHP and THP configurations was 
violated, (p<0.05 or p = 0.021 and 0.001, respectively). In contrast, in the DMAD and CMAD 
configurations, the assumption of normality distribution in biogas yield was met (p>0.05 or p 
= 0.053 and 0.564, respectively). In this case, a post-hoc ANOVA test was carried out 
regardless of this normality test violation (Liz and Keselman, 1996). 
Tests of Homogeneity of variances 
Table (10.39A) Statistical group data homogeneity of variance test performed on biogas yield 
obtained from the ITHP, THP, DMAD and CMAD configurations.  
Overall biogas yield m
3 
per TDS fed 
Levene Statistic df1 df2 Sig. 
68.110 3 156 .000 
 
The comparison of mean biogas yield data obtained from ITHP, THP, DMAD and CMAD 
configurations showed that the assumption of homogeneity of variances in biogas yield data 
was violated, as assessed by Levene’s test of homogeneity of variance (i.e., p < 0.05 or p = 
0.0005). Therefore, the mean biogas yield data used did not have an equal variance. Thus, the 
standard one-way ANOVA couldn’t be interpreted for all groups comparison; in this case, a 
modified version of the ANOVA was used – Welch ANOVA. However, the standard 
ANOVA test is given in the following sections just for comparison.  
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Robust tests of Equality of means 
Table (10.40A) Statistical equality of means test performed on biogas yield obtained from the 
ITHP, THP, DMAD and CMAD configurations.  
Robust tests of equality for mean biogas yield (m3 per TDS 
fed) 
 Statistic 
a
 df1 df2 Sig. 
Welch 475.676 3 71.835 .000 
a. Asymptotically F distributed. 
 
From the results of robust tests of equality of means (the Welch ANOVA test), it can be 
stated, that there is statistically significant difference between the ITHP, THP, DMAD and 
CMAD configurations produced biogas yield data, Welch’s F (3,71.84) = 475.68, p < 0.05 or 
p = 0.0005). Thus, it can be concluded that not all mean biogas yield data obtained from all 
the treatment configurations are equal. However, this does not indicate particularly which 
treatment configurations are responsible for the significant results observed, so post hoc (after 
event) test needed to be consulted to find out which particular treatment configuration was 
responsible for the observed difference. In the following section the post-hoc test (multiple 
means difference comparison is conducted to find out which particular treatment 
configuration was responsible for the observed difference. 
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Multiple comparisons of mean differences 
Table (10.41A) Comparison of means difference performed on sludge percentage volatile 
solid reduction obtained from the ITHP, THP, DMAD and CMAD 
configurations. 
Mean differences of sludge volatile solid reduction (%) 
Treatment configurations   Mean 
Difference 
(I-J) Std. Error Sig. 
95% Confidence Interval 
  (I) (J) 
Lower 
Bound 
Upper 
Bound 
Games-
Howell mean 
difference 
comparison 
ITHP THP 133.650
*
 8.788 .000 110.339 156.499 
DMAD 113.025
*
 3.542 .000 103.551 122.499 
CMAD 148.075
*
 3.901 .000 137.757 158.393 
THP ITHP           
DMAD      
CMAD 14.425 8.265 .314 -7.667 36.517 
DMAD            
THP 20.625  8.102  .068  -1.101  42.351  
CMAD 35.050* 1.903 .000 29.995 40.105 
CMAD ITHP           
THP           
DMAD           
*. The mean difference is significant at the 0.05 level. 
 
The mean difference between the biogas yield produced by the ITHP and THP 
configurations was 133.65 percentage points; this mean biogas yield difference was 
significantly higher, with 95%CI of 110.34 to 156.96 ranges. Thus, this biogas yield mean 
difference observed between the ITHP and THP configurations was statistically significant (p 
= 0.0005 or p < 0.05). Similarly, when the ITHP and CMAD configurations were compared, 
there was 148.08 percentage points difference; this mean biogas yield difference was 
significantly higher, with 95%CI of 137.76 to 158.39 ranges. Therefore, this biogas yield 
mean difference observed between the ITHP and CMAD configurations was statistically 
significant (p = 0.0005 or p < 0.05).  
  
  
 241  
 
Descriptive statistics 
Table (10.42A) Descriptive statistics performed on biogas yield obtained from the ITHP, 
THP, DMAD and CMAD configurations.  
Descriptives statistics for overall biogas yield (m
3
 per TDS fed) 
 
N Mean 
Std. 
Deviation 
Std. 
Error 
95% Confidence Interval 
for Mean 
Minimum Maximum 
Lower 
Bound 
Upper 
Bound 
ITHP 40 478.600 21.974 3.474 471.572 485.628 406.00 516.00 
THP 40 344.950 51.054 8.072 328.622 361.278 229.00 413.00 
DMAD 40 365.575 4.355 .689 364.182 366.968 357.00 372.00 
CMAD 40 330.525 11.218 1.774 326.937 334.113 303.00 350.00 
Total 160 379.913 64.933 5.133 369.774 390.051 229.00 516.00 
 
From the data in Table 10.42A it can be observed that, the mean biogas yield measured for 
the ITHP,THP, DMAD and CMAD configurations were 478.60 ± 21.97, 344.95 ± 51.05, 
365.58 ± 4.36 and 330.53 ± 11.22 respectively. The data in table 10.43A also showed that the 
mean biogas yield measured from the ITHP, DMAD, THP and CMAD configurations lie at 
95% CI between 406 – 516, 229 – 413, 357 – 372 and 303 – 350 respectively. The lower 
biogas yield observed in the THP and CMAD configurations was assumed to be due to the 
lowest overall digester HRT used compared to the ITHP and DMAD configurations. 
Figure 10.14A shows the bar chart comparing the mean biogas yield obtained from the 
digestion configurations studied (error bars included).  
 
 
Figure (10.14A) Bar chart showing means biogas yield (error bars indicated) obtained from 
the ITHP, THP, DMAD and CMAD configurations. 
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10.8 Sludge Chemical Characteristics 
 
Average weekly sludge feed pH  
Table 10.43A shows the digester feed sludge weekly average pH data fed to the THP, 
ITHP, DMAD and CMAD configurations 
Table (10.44A)  Digester feed weekly average pH data obtained from the ITHP, THP, 
DMAD and CMAD configurations. 
 
THP feed 
Average pH 
ITHP feed DMAD feed CMAD feed 
 
Calendar week 
Average pH 
 
Average pH 
 
Average pH  
Week1 6.4 7.7 7.5 5.6 
Week2 6.5 7.7 7.4 5.7 
Week3 6.3 7.7 7.7 5.6 
Week4 6.2 7.7 7.5 5.6 
Week5 5.6 7.7 7.8 5.6 
Week6 6.3 7.7 7.3 5.6 
Week7 6.3 7.7 7.7 5.6 
Week8 6.6 7.7 7.6 5.6 
Week9 5.7 8.0 7.5 5.5 
Week10 5.9 8.1 7.7 5.6 
Week11 5.8 8.0 7.9 5.5 
Week12 5.6 7.5 7.9 5.7 
Week13 5.3 7.9 7.7 5.7 
Week14 5.4 8.0 7.9 5.8 
Week15 5.8 7.6 7.8 5.8 
Week16 6.0 8.0 7.6 5.7 
Week17 6.1 7.5 7.6 5.7 
Week18 5.8 7.3 7.9 5.7 
Week19 5.6 8.4 8.0 5.6 
Week20 5.5 7.8 7.8 5.4 
Week21 6.6 7.5 7.8 5.7 
Week22 5.7 7.3 7.9 5.8 
Week23 5.7 7.1 7.9 5.9 
Week24 5.7 7.2 7.7 5.7 
Week25 5.7 7.4 7.7 6.1 
Week26 5.4 7.1 7.6 5.7 
Week27 5.4 7.6 7.9 5.4 
Week28 5.3 7.6 7.8 5.6 
Week29 5.2 7.2 7.8 5.8 
Week30 5.2 7.7 7.8 5.5 
Week31 5.3 7.2 7.6 5.6 
Week32 5.4 7.1 7.6 5.6 
Week33 5.5 7.2 7.8 5.5 
Week34 5.6 7.6 7.6 5.6 
Week35 5.6 7.3 8.0 5.6 
Week36 5.5 7.6 7.7 5.6 
Week37 5.8 7.2 7.8 5.8 
Week38 5.8 7.3 7.8 5.8 
Week39 5.7 7.0 7.7 5.7 
Week40 5.6 7.0 7.6 5.7 
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Average weekly sludge feed alkalinity data 
Table 10.44A shows the digester feed sludge weekly average alkalinity data fed to the 
THP, ITHP, DMAD and CMAD configurations. 
Table (10.44A)  Digester feed sludge weekly average alkalinity data used in the ITHP, THP, 
DMAD and CMAD configurations.  
 THP feed 
Average 
Alkalinity (mg/l) 
ITHP feed DMAD feed CMAD feed 
 
Calendar week 
Average Alkalinity 
(mg/l) 
Average Alkalinity 
(mg/l) 
Average Alkalinity 
(mg/l) 
Week1 3551.5 6752.2 2731.2 2715.0 
Week2 2796.5 6752.2 2539.4 3667.5 
Week3 3001.6 5405.6 2191.3 2291.0 
Week4 3427.4 4867.0 2473.9 2426.9 
Week5 3223.7 4867.0 2535.4 2208.3 
Week6 3486.8 5614.2 3900.6 2503.8 
Week7 3157.8 5536.0 2609.1 2421.1 
Week8 3187.7 6578.5 2724.6 2292.0 
Week9 2540.7 4434.9 2594.0 1748.9 
Week10 2323.0 2395.6 3217.3 2105.0 
Week11 2099.5 2454.9 3265.9 2007.8 
Week12 2052.1 2276.3 2731.2 2421.1 
Week13 1557.6 2921.7 2539.4 2494.9 
Week14 1569.1 3605.9 2191.3 2653.4 
Week15 2665.3 4508.6 2473.9 2630.9 
Week16 2717.3 3038.4 2487.7 2397.3 
Week17 2698.6 3470.3 2420.6 2924.4 
Week18 2186.5 4376.9 2286.6 2117.5 
Week19 1890.2 2223.7 1871.1 2304.5 
Week20 1852.5 2780.5 2287.3 2527.8 
Week21 2411.0 2688.0 2226.7 2344.2 
Week22 2203.2 2688.0 2246.0 2202.1 
Week23 2394.7 3026.5 1892.9 2247.5 
Week24 2299.8 3479.4 2147.6 2534.7 
Week25 2302.3 2624.3 2201.1 2419.4 
Week26 2029.6 3110.6 2017.0 2656.5 
Week27 1950.1 4737.6 3395.7 2546.1 
Week28 1773.5 4301.1 3219.0 2388.4 
Week29 2564.9 4364.8 3083.6 2235.3 
Week30 1906.1 2225.7 2094.2 2379.7 
Week31 2219.1 2860.0 2092.7 2490.5 
Week32 2297.9 2831.7 2022.4 2500.0 
Week33 1911.4 2835.0 2707.0 2450.5 
Week34 2289.8 3472.7 1908.9 2720.0 
Week35 2308.1 2326.4 2145.9 2423.6 
Week36 1894.5 2155.2 2444.8 2692.9 
Week37 1412.0 3124.3 2409.2 2939.1 
Week38 1712.0 2508.6 1523.4 2394.0 
Week39 2188.1 3080.0 1590.5 2531.1 
Week40 1540.6 3273.1 1781.5 2625.5 
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Average Weekly Sludge Feed VFA Data 
Table 10.45A shows the digester feed sludge weekly average VFA data fed to the THP, 
ITHP, DMAD and CMAD configurations. 
Table (10.45A) Digester feed sludge weekly average VFA data used in the ITHP, THP, 
DMAD and CMAD configurations.  
Week1 6372.9 113.0 57.5 3622.0 
Week2 6372.4 113.0 42.0 2260.3 
Week3 6367.8 185.0 43.0 1864.0 
Week4 6362.1 185.0 51.0 3082.9 
Week5 1989.6 176.1 41.0 2923.9 
Week6 1541.0 154.0 36.0 1739.6 
Week7 2023.0 155.1 68.5 2208.4 
Week8 880.7 156.0 51.5 2769.6 
Week9 1571.6 346.9 52.7 2774.7 
Week10 959.3 548.3 38.5 2386.1 
Week11 2469.0 758.9 42.0 1865.3 
Week12 1529.7 916.4 43.5 3082.9 
Week13 1565.0 945.4 51.0 3038.7 
Week14 1619.0 1220.6 36.0 3337.7 
Week15 705.1 1845.0 68.5 3248.4 
Week16 813.9 817.0 101.0 3211.1 
Week17 2228.7 2049.6 65.0 4339.6 
Week18 1830.7 2873.4 181.5 2634.6 
Week19 1311.0 650.0 107.0 2609.9 
Week20 1835.0 1037.4 25.0 3358.1 
Week21 1095.6 912.7 28.0 4024.9 
Week22 1330.0 1010.0 26.0 3884.9 
Week23 1664.3 1245.9 137.0 3064.7 
Week24 1717.4 1281.0 132.5 3709.3 
Week25 1802.0 1281.0 105.0 3889.4 
Week26 1952.0 1933.9 29.0 4067.7 
Week27 1904.9 1026.6 182.0 3606.4 
Week28 1559.6 2202.6 106.0 3432.1 
Week29 1823.7 1936.3 38.0 2468.4 
Week30 3083.1 1222.6 148.5 3264.4 
Week31 3605.0 3313.0 39.0 3619.6 
Week32 3452.4 1948.3 103.5 4294.1 
Week33 2785.0 2167.0 179.0 4108.0 
Week34 3084.0 1301.5 100.0 4360.4 
Week35 3113.1 1484.6 142.5 3837.1 
Week36 2480.7 1135.4 59.5 4484.1 
Week37 1838.3 2467.1 43.5 5071.9 
Week38 1916.3 1860.3 71.5 3744.1 
Week39 2598.0 2736.6 121.3 3906.4 
Week40 2728.4 3128.6 38.0 4430.3 
 
 
 THP digester feed ITHP digester feed DMAD digester feed CMAD digester feed 
 
Calendar week 
sludge average VFA 
(mg/l) 
sludge average 
VFA (mg/l) 
sludge average VFA 
(mg/l) 
sludge average VFA 
(mg/l) 
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Average Weekly Digested Sludge pH  
Table 10.46A shows the digested sludge weekly average pH data obtained from THP, 
ITHP, DMAD and CMAD configurations. 
Table (10.46A)  Digested sludge weekly average data obtained from the ITHP, THP, DMAD 
and CMAD configurations.  
 THP ITHP CMAD Double MAD 
 Digested sludge  pH Digested sludge pH Digested sludge pH Digested sludge pH 
Week1 7.8 7.9 7.7 7.7 
Week2 7.9 7.8 7.8 7.8 
Week3 7.9 7.9 7.8 7.8 
Week4 7.9 7.8 7.9 7.9 
Week5 8.0 7.7 7.8 7.8 
Week6 7.8 7.9 8.0 7.9 
Week7 8.0 8.0 7.9 7.9 
Week8 7.8 7.8 7.8 7.8 
Week9 7.9 8.0 7.9 7.9 
Week10 7.9 7.9 7.8 7.9 
Week11 7.8 7.9 7.8 7.9 
Week12 7.8 7.8 7.8 7.8 
Week13 7.8 7.8 7.7 7.7 
Week14 7.9 8.0 7.7 7.9 
Week15 7.7 7.8 7.6 7.7 
Week16 7.7 7.8 7.7 7.7 
Week17 7.6 7.7 7.6 7.5 
Week18 7.7 7.9 7.7 7.6 
Week19 7.8 7.8 7.6 7.6 
Week20 7.8 7.9 7.7 7.6 
Week21 7.8 7.9 7.8 7.7 
Week22 7.9 8.0 7.7 7.8 
Week23 7.6 7.8 7.6 7.5 
Week24 7.7 7.9 7.6 7.5 
Week25 7.7 7.7 7.7 7.5 
Week26 7.7 7.8 7.7 7.6 
Week27 7.7 7.7 7.5 7.4 
Week28 8.3 7.8 7.6 7.5 
Week29 7.7 7.8 7.6 7.5 
Week30 7.7 7.8 7.6 7.5 
Week31 7.7 7.7 7.5 7.4 
Week32 7.7 7.8 7.6 7.4 
Week33 7.8 7.8 7.5 7.4 
Week34 7.8 7.8 7.6 7.5 
Week35 7.2 7.7 7.7 7.5 
Week36 7.1 7.7 7.7 7.5 
Week37 7.9 7.8 7.7 7.5 
Week38 7.7 7.8 7.7 7.5 
Week39 7.7 7.8 7.6 7.5 
Week40 7.8 7.8 7.8 7.5 
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Average Weekly Digested Sludge Alkalinity Data 
Table 10.47A shows the digested sludge weekly average alkalinity data obtained from 
THP, ITHP, DMAD and CMAD configurations. 
Table (10.47A) Digested sludge weekly average alkalinity data obtained from the ITHP, 
THP, DMAD and CMAD configurations.  
 THP digested ITHP digested DMAD digested CMAD digested 
 
Calendar week 
sludge average 
Alkalinity (mg/l) 
sludge average 
Alkalinity (mg/l) 
sludge average 
Alkalinity (mg/l) 
sludge average Alkalinity 
(mg/l) 
Week1 8102.2 8284.7 7015.7 6691.9 
Week2 7189.6 8339.1 6931.0 6522.7 
Week3 6911.1 7139.4 7056.7 7841.8 
Week4 7291.4 7854.1 7106.4 7330.3 
Week5 6852.7 8246.7 7086.4 7015.7 
Week6 6643.9 7800.3 6763.8 6768.2 
Week7 6770.6 7495.5 6883.4 6848.9 
Week8 6994.6 7375.5 7162.0 6922.4 
Week9 6891.8 7150.8 6989.1 6835.6 
Week10 6797.9 6841.8 6854.3 6368.3 
Week11 6744.7 5941.7 6313.0 5915.2 
Week12 6441.8 6616.2 5709.7 5680.8 
Week13 6132.9 6458.7 6112.9 5401.1 
Week14 5837.6 6990.7 6051.0 5435.7 
Week15 5692.8 7791.3 4765.3 5390.1 
Week16 6075.8 8173.7 4744.0 5208.2 
Week17 6236.3 8060.5 4877.9 5441.7 
Week18 6491.9 8465.0 4757.0 5406.1 
Week19 6981.7 8489.0 4943.0 5520.7 
Week20 6550.4 8406.7 4600.0 5202.5 
Week21 6759.6 8325.3 4385.8 5159.0 
Week22 6798.0 8325.3 4235.0 5009.1 
Week23 6527.5 7330.8 4286.7 4787.2 
Week24 6619.4 7438.1 4167.0 4822.9 
Week25 6622.9 6469.0 6508.5 6679.6 
Week26 6791.0 7288.4 5093.5 4936.6 
Week27 7038.2 7756.1 5980.0 5038.2 
Week28 7093.5 8215.9 6434.8 4514.4 
Week29 7075.5 9043.3 5009.1 5378.4 
Week30 7106.1 7587.6 5174.3 4853.5 
Week31 6839.7 7373.3 5877.5 4391.3 
Week32 7270.7 7652.9 6399.3 4623.1 
Week33 7348.1 7871.0 5485.4 4280.3 
Week34 7914.1 7593.3 5568.9 4703.2 
Week35 7525.2 7669.7 5604.1 4912.5 
Week36 7924.8 7072.0 5636.2 5348.5 
Week37 7520.4 6574.9 5550.2 4953.7 
Week38 7959.1 6585.4 5897.1 5052.7 
Week39 8005.8 6779.4 5899.8 4772.1 
Week40 8080.7 6944.2 5329.2 4757.5 
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Average Weekly Digested Sludge VFA Data 
Table 10.48A shows the digested sludge weekly average VFA data obtained from THP, 
ITHP, DMAD and CMAD configurations. 
Table (10.48A) Digested sludge weekly average VFA data obtained from the ITHP, THP, 
DMAD and CMAD configurations.  
 
 
 
 THP digested ITHP digested DMAD digested CMAD digested 
 
Calendar week 
sludge average VFA 
(mg/l) 
sludge average 
VFA (mg/l) 
sludge average VFA 
(mg/l) 
sludge average VFA 
(mg/l) 
Week1 3323.0 164.1 115.0 119.6 
Week2 1963.7 143.0 120.0 122.7 
Week3 314.9 142.3 127.0 180.1 
Week4 415.1 139.6 100.0 113.3 
Week5 252.6 150.7 116.0 110.3 
Week6 222.3 155.1 136.0 131.9 
Week7 204.4 136.4 122.5 124.6 
Week8 165.3 91.3 109.0 96.3 
Week9 123.7 88.4 151.7 52.1 
Week10 160.0 73.4 153.5 107.9 
Week11 213.3 93.7 105.0 97.7 
Week12 129.6 123.9 90.5 91.6 
Week13 148.4 186.3 87.5 80.6 
Week14 127.9 182.0 124.0 98.9 
Week15 116.7 184.6 93.0 124.3 
Week16 122.7 215.0 110.7 124.9 
Week17 182.1 318.1 114.5 131.1 
Week18 203.0 284.1 112.0 111.1 
Week19 173.0 220.0 86.0 98.1 
Week20 153.0 201.7 85.5 81.9 
Week21 131.7 214.0 79.0 85.0 
Week22 136.0 226.0 83.0 76.4 
Week23 120.3 148.7 62.5 46.9 
Week24 145.6 141.0 60.0 46.1 
Week25 156.7 141.0 74.0 63.1 
Week26 167.7 182.9 82.0 63.6 
Week27 177.1 191.0 78.0 63.4 
Week28 186.7 296.1 86.0 67.4 
Week29 133.3 133.0 130.5 88.7 
Week30 155.1 181.0 58.0 119.4 
Week31 174.0 159.0 79.0 75.7 
Week32 169.3 329.4 74.5 75.9 
Week33 198.0 190.0 97.0 85.0 
Week34 421.7 182.4 65.5 74.1 
Week35 686.2 471.1 93.0 83.3 
Week36 789.4 1233.9 96.0 111.3 
Week37 896.0 1162.9 124.5 103.3 
Week38 362.1 467.9 72.0 102.0 
Week39 617.6 208.0 92.7 81.9 
Week40 416.9 420.4 85.0 86.4 
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Average Weekly Sludge VFA to Alkalinity Ratio 
Table 10.49A shows the digested sludge weekly average VFA to alkalinity ratio obtained 
from THP, ITHP, DMAD and CMAD configurations. 
Table (10.49A) Weekly average sludge VFA to alkalinity ratio, calculated for the ITHP, 
THP, DMAD and CMAD configurations. 
 THP ITHP DMAD CMAD 
 
Calendar 
week 
VFA to 
Alkalinity 
VFA to Alkalinity 
Ratio 
VFA to Alkalinity 
Ratio 
VFA to Alkalinity 
Ratio 
Week1 0.41 0.02 0.02 0.02 
Week2 0.27 0.02 0.02 0.02 
Week3 0.05 0.02 0.02 0.02 
Week4 0.06 0.02 0.01 0.02 
Week5 0.04 0.02 0.02 0.02 
Week6 0.03 0.02 0.02 0.02 
Week7 0.03 0.02 0.02 0.02 
Week8 0.02 0.01 0.02 0.01 
Week9 0.02 0.01 0.02 0.01 
Week10 0.02 0.01 0.02 0.02 
Week11 0.03 0.02 0.02 0.02 
Week12 0.02 0.02 0.02 0.02 
Week13 0.02 0.03 0.01 0.01 
Week14 0.02 0.03 0.02 0.02 
Week15 0.02 0.02 0.02 0.02 
Week16 0.02 0.03 0.02 0.02 
Week17 0.03 0.04 0.02 0.02 
Week18 0.03 0.03 0.02 0.02 
Week19 0.02 0.03 0.02 0.02 
Week20 0.02 0.02 0.02 0.02 
Week21 0.02 0.03 0.02 0.02 
Week22 0.02 0.03 0.02 0.02 
Week23 0.02 0.02 0.01 0.01 
Week24 0.02 0.02 0.01 0.01 
Week25 0.02 0.02 0.01 0.01 
Week26 0.02 0.03 0.02 0.01 
Week27 0.03 0.02 0.01 0.01 
Week28 0.03 0.04 0.01 0.01 
Week29 0.02 0.01 0.03 0.02 
Week30 0.02 0.02 0.01 0.02 
Week31 0.03 0.02 0.01 0.02 
Week32 0.02 0.04 0.01 0.02 
Week33 0.03 0.02 0.02 0.02 
Week34 0.05 0.02 0.01 0.02 
Week35 0.09 0.06 0.02 0.02 
Week36 0.10 0.17 0.02 0.02 
Week37 0.12 0.18 0.02 0.02 
Week38 0.05 0.07 0.01 0.02 
Week39 0.08 0.03 0.02 0.02 
Week40 0.05 0.06 0.02 0.02 
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 Appendix B   
 
Experimental Results of Chapter Six – Semi-continuous Anaerobic 
Digestion Experiments 
 
Introduction 
The results obtained from the semi-continuous anaerobic digestion study used in this 
research work were presented in Chapter Six. In this Appendix, the complete sets of results 
are presented. The batch anaerobic sludge digestion methods and sampling methods used in 
this research work are reported in Chapter 4. 
Sludge extractable carbohydrates related EPS and SMP data per run obtained from 
THP and ITHP configurations 
Table 11.1B Shows an overview of extractable carbohydrates related EPS and SMP 
concentrations obtained from the digestion configurations investigated. 
 
Table (11.1B) Overview of Extractable carbohydrates related EPS and SMP concentrations 
obtained during three runs in the ITHP, and THP, configurations. 
Carbohydrates sample analysis using H-Lange DR2800 – absorbance @ 480 mm 
 
Absorbance @ 480 nm Concentration 
ITHP Run 1 Run 2 Run 3 mean absorbance SDV Run 1 Run 2 Run 3 
mean 
concentration 
SDV 
SMP ITHP MAD 0.831 2.015 2.048 0.618 0.066 101.67 520.23 538.17 386.69 247.00 
SMP  ITHP Feed 2.018 2.994 2.684 2.565 0.499 246.90 772.99 705.30 575.06 286.21 
EPS ITHP MAD 1.245 0.872 1.374 0.359 0.050 152.43 117.44 180.53 150.13 31.61 
EPS ITHP Feed 0.730 1.140 1.624 0.853 0.046 89.37 153.54 213.38 152.10 62.01 
THP Run 1 Run 2 Run 3 mean absorbance SDV Run 1 Run 2 Run 3 mean SDV 
SMP  THP MAD 0.501 0.738 2.684 1.308 1.198 61.30 190.54 352.65 201.49 145.99 
SMP THP Feed 3.265 2.435 0.946 2.215 1.175 798.95 628.67 124.29 517.30 350.84 
EPS THP MAD 1.803 0.742 2.391 0.236 0.039 220.74 99.93 314.15 211.61 107.40 
EPS THP Feed 1.670 1.713 1.373 1.528 0.157 204.46 230.71 180.40 205.19 25.16 
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Sludge extractable proteins related EPS and SMP data per run obtained from THP and 
ITHP configurations 
Table (11.2B) Overview of Extractable proteins related EPS and SMP concentrations 
obtained during three runs in the ITHP, THP, DMAD and CMAD 
configurations investigated. 
Sludge extractable proteins related EPS and SMP sample analysis using H-Lange DR2800 – absorbance @750 
mm 
 
Absorbance @ 750 nm Concentration 
ITHP Run 1 Run 2 Run 3 
mean 
absorbance 
SDV Run 1 Run 2 Run 3 
mean 
concentration 
SDV 
SMP ITHP MAD 0230 0.640 0.256 0.375 0.066 485.90 651.58 511.88 549.68 89.23 
SMP  ITHP Feed 0.430 0.531 0.745 0.569 0.161 2269.54 540.61 741.33 1183.83 945.60 
EPS ITHP MAD 0.224 0.250 0.250 0.241 0.050 167.71 261.80 502.50 310.67 172.66 
EPS ITHP Feed 0.216 0.233 0.317 0.255 0.046 455.76 244.00 637.17 445.64 196.78 
THP Run 1 Run 2 Run 3 
mean 
absorbance 
SDV Run 1 Run 2 Run 3 
  
SMP  THP MAD 0.404 0.268 0.903 0.525 0.334 403.90 206.73 902.78 504.47 358.76 
SMP THP Feed 0.440 0.529 0.194 0.388 0.174 1759.58 447.89 387.91 865.12 775.20 
EPS THP MAD 0.174 0.320 0.588 0.361 0.039 174.90 254.78 576.48 335.39 212.58 
EPS THP Feed 0.446 0.541 0.228 0.405 0.157 896.64 1087.63 458.28 814.18 322.67 
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Appendix C 
 
Raw data for lipids per run obtained from THP and ITHP configurations 
 
Tables 11.3C to 11.5C show the hourly changes in Lipids concentration sampled from 
three batch digestion runs; the last duplicate hours shown at the end of this tables as 367 is for 
sampling time for seed sludge  batch digestion and treatment. The data for seed and treatment 
digesters are same in runs 1 and 3, but there was difference in run 2 in the ITHP 
configuration. During run 2, the ITHP showed incomplete lipids degradation. 
 
Table (11.3C)  Hourly changes in sludge lipids concentration - batch digestion run 1. 
 First Run 1 lipid - THP First Run 1 lipid - ITHP 
 Zero Order First Order Zero Order First order 
 y y y y 
hours C lnC C lnC 
0 190.4 5.25 292.40 5.68 
1 190.4 5.25 249.60 5.52 
3 160.4 5.08 220.00 5.39 
6 126.4 4.84 156.40 5.05 
8 126.2 4.84 140.00 4.94 
15 106.4 4.67 96.40 4.57 
19 96.4 4.57 76.40 4.34 
24 86.4 4.46 76.40 4.34 
44 56.4 4.03 60.00 4.09 
48 40.4 3.70 60.00 4.09 
72 25.4 3.23 40.00 3.69 
96 16.4 2.80 36.40 3.59 
120 16.4 2.80 36.40 3.59 
144 16.4 2.80 16.40 2.80 
168 16.4 2.80 16.40 2.80 
216 16.4 2.80 16.40 2.80 
312 16.4 2.80 16.40 2.80 
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Table (11.4C)  Hourly changes in sludge lipids concentration - batch digestion run 2. 
 First Run 2 lipid - THP First Run 2 lipid - ITHP 
 Zero Order First Order Zero Order First order 
 y y y y 
hours C lnC C lnC 
0 300.00 5.70 280 5.6348 
1 288.00 5.66 280 5.6348 
3 280.00 5.63 260 5.5607 
6 140.00 4.94 240 5.4806 
8 120.00 4.79 214.4 5.3678 
30 104.00 4.64 160 5.0752 
54 86.00 4.45 140 4.9416 
78 76.40 4.34 110 4.7005 
102 66.00 4.19 81 4.3944 
126 56.40 4.03 80 4.3820 
198 40.00 3.69 80 4.3820 
246 40.00 3.69 80 4.3820 
294 16.40 2.80 79 4.3694 
342 16.40 2.80 52 3.9512 
366 16.40 2.80 40 3.6889 
390 16.40 2.80 30 3.4012 
414 16.40 2.80 30 3.4012 
 
Table (11.5C) Hourly changes in sludge lipids concentration - batch digestion run 3. 
 First Run 3 lipid - THP First Run 3 lipid - ITHP 
 Zero Order First Order Zero Order First order 
 y y y y 
hours C lnC C lnC 
0 280 5.63 300 5.70 
1 280 5.63 260 5.56 
3 240 5.48 130 4.87 
5 200 5.30 94 4.54 
7 180 5.19 80 4.38 
31 120 4.79 60 4.09 
55 120 4.79 42 3.74 
79 116 4.76 26 3.27 
103 80 4.38 16 2.80 
127 40 3.69 16 2.80 
151 20 3.00 16 2.80 
175 16.4 2.80 16 2.80 
199 16.4 2.80 16 2.80 
223 16.4 2.80 16 2.80 
343 16.4 2.80 16 2.80 
367 16.4 2.80 16 2.80 
391 16.4 2.80 16 2.80 
 
 
 
 
 
 
 
  
 253  
 
Lipids degradation kinetics 
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Figure (11.15C) Lipids degradation kinetics during three runs of batch anaerobic digestion 
of sewage sludge using THP and ITHP configuration:  (A,C,E) Run 1-3 
Lipids degradation THP;  (B,D,F) Run 1-3 Lipids degradation- ITHP. 
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